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Abstract
Phytochelatins are metal-binding peptides produced enzymatically by higher
plants, fungi and algae in response to many metals, particularly cadmium. Using a very
sensitive HPLC method, I have for the first time quantified phytochelatin concentrations in
laboratory cultures of phytoplankton grown in trace metal defined medium at environmen-
tally relevant metal concentrations and in marine field samples. Phytochelatins are quanti-
fied in several marine phytoplankton when exposed to a range of free cadmium ion
concentrations and in Thalassiosira weissflogii, a marine diatom, upon exposure to a
series of trace metals. All the phytoplankton species tested contain phytochelatin even
when there is no added cadmium and elevated phytochelatin concentrations are induced
by cadmium even at very low concentrations. At each cadmium level, the phytochelatin
concentrations measured in most of the species were fairly uniform, and as cadmium
increased, the phytochelatin concentrations also steadily increased as a function of the free
cadmium ion concentration. Within the range of metal concentrations that span those typ-
ically found in the marine environment, cadmium, and to a lesser extent copper, are the
most effective inducers of phytochelatins in T.weissflogii; the generality of this result is
confirmed by short term experiments with two other phytoplankton species.
Coastal and open ocean measurements of phytochelatin concentrations (normal-
ized to chlorophyll a) are similar to those measured in laboratory cultures and incubations
of natural seawater samples with added cadmium and copper confirm the induction of the
peptides by these metals. A year long study of phytochelatin concentrations along a
transect from Boston Harbor to Massachusetts Bay reveals decreasing seaward concentra-
tions for most of the year. A comparison of phytochelatin concentrations and copper mea-
surements from several coastal areas confirms the result that phytochelatins are a function
of the free metal rather than total metal. In the Equatorial Pacific, particulate phytochela-
tin concentrations are similar to those measured in coastal areas.
Given proper calibration and normalization techniques, phytochelatin measure-
ments could become a way to monitor the effects of anthropogenic metal inputs, since
they seem to provide a convenient measure of the metal stress resulting from the complex
mixture of trace metals and chelators in natural waters.
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Chapter 1
Introduction
9
Concern over the effect of anthropogenic trace metal inputs into coastal waters has
prompted much scientific investigation into the interaction of these metals with phy-
toplankton which are the base of the food chain in marine ecosystems. Toxicological stud-
ies of all kinds have been done with many metals and a large number of phytoplankton
species. Parameters such as growth and/or assimilation rates (Sunda and Guillard, 1976;
Brand et al., 1986), accumulation factors (Fisher et al., 1984) have been measured to
gauge relative toxicity or availability. These studies have largely established ranges of
metal ion concentrations which are toxic to particular organisms. However, these studies
typically treat the phytoplankton cell as a "black box" and little information about changes
in the internal physiology of the cell has been available.
A first step toward understanding the intracellular mechanisms of response to toxic
metals was the discovery of a specific metal binding peptide-phytochelatin- first identi-
fied in yeast (Murasugi et al., 1981) and higher plants (Grill et al., 1985; Robinson, 1989;
Rauser, 1990) and then found to be synthesized in a large number of algal species (Gekeler
et al., 1988; Robinson, 1989). Many marine algae have been screened for production of
this peptide and most were found to contain copious amounts when exposed to very high
concentrations of cadmium (Maita and Kawaguchi, 1989; Wikfors et al., 1991). The func-
tion of phytochelatin appears to be analogous to that of metallothionein (Grill et al., 1987),
a well studied metal binding protein found in animals. Upon exposure to metals, these
peptides are produced (by gene transcription in the case of metallothionein or an enzy-
matic reaction in the case of phytochelatin) and they then chelate the intracellular metals
by coordination to the sulfide of the frequent cysteine residues.
Phytochelatin is produced enzymatically by phytochelafin synthase (Grill et al.,
1989) from the precursor glutathione, a tripeptide of glutamate, cysteine and glycine. The
terminal glycine is cleaved and the y-glu-cys is joined to another glutathione to form the
n=2 dimer (Figure 1); additional -glu-cys can be added stepwise to the peptide creating
longer chains (n= n +1). In higher plants the repeating unit has been found to reach n=1l1
(Grill et al., 1985). Phytochelatin synthase has been isolated from cell suspension cultures
of Silene cucubalus and has been fairly well characterized; it is constitutive and requires a
metal for activity. The enzyme activity appears to be self-regulated in that the phytochela-
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tin product chelates the metal from the enzyme rendering the enzyme inactive (Loeffler et
al., 1989).
Alternate forms of phytochelatins have been found in a several higher plants which
contain other forms of glutathione; in a legume of the order Fabales homo-phytochelatin
[(y-glu-cys)n-P3-ala] replaces phytochelatin (Grill et al., 1986) and in several species of
rice from the family Poaceae, hydroxymethyl-phytochelatin [(Y-glu-cys)n-ser] has been
found in addition to the common phytochelatin peptides (Klapheck et al., 1994). Also
peptides of the structure (y-glu-cys)n (desGly-phytochelatin) have been found in some
yeast (Mehra and Winge, 1988) and plant species (Bernhard and Kagi, 1987), and an addi-
tional synthesis mechanism involving the polymerization of y-glu-cys has been described
in vitro (Hayashi et al., 1991).
These numerous laboratory studies lead to the obvious question of whether these
metal binding peptides are produced by plants in the natural environment. Two separate
studies measured phytochelatins in higher plants and stream bed mosses at sites highly
contaminated by mine tailings (Grill et al., 1988; Jackson et al., 1991), but phytochelatin
concentrations were not measurable in the same species outside of the contaminated areas.
Environmental studies have thus been limited by methodological sensitivity.
The objectives of this study were to determine whether marine phytoplankton
made phytochelatins under conditions of moderate to low metal exposure and to examine
the relationship between metal concentrations and the resulting phytochelatin concentra-
tions. The use of trace metal defined medium enabled me to quantify phytochelatins at
extremely low free metal concentrations and ensured that steady state conditions were
maintained throughout exponential growth of the cells. I also wanted to determine
whether phytochelatin was present in natural marine algal populations and whether these
concentrations were controlled by the concentrations of particular metals in the seawater.
To this end I developed a sensitive analytical HPLC technique (detailed in Chapter 3 and
Appendix A) which employs the sulfide specific fluorescent tag, monobromobimane. The
new method has made possible measurements of phytochelatins in phytoplankton cultured
at very low free metal ion concentrations and in natural assemblages of marine algae from
several field sites.
The higher plant literature has established that at high concentrations many metals,
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such as Cd, Cu, Pb, Zn, Ni, and Hg, can induce phytochelatin production, but that cad-
mium is the most effective inducer (Grill et al., 1987). Chapter 2 describes phytochelatin
production by a marine diatom, Thalassiosira weissflogii, in response to variable cadmium
concentrations. Intracellular phytochelatin concentrations are dependent on the concen-
tration of cadmium in the medium and even 30 pM inorganic cadmium induces significant
concentrations above what is measured in cell cultured in medium containing no added
cadmium. Field data from Boston Harbor and Massachusetts Bay are introduced in this
same chapter.
Measurements of particulate phytochelatin in natural seawater samples quantify
the integrated exposure of a wide variety of organisms to a large number metals. Does the
amount of phytochelatin reflect exposure to the concentrations of particular metals? To
answer this question, one needs to know whether individual species produce similar
amounts of phytochelatin (normalized to some parameter such as chlorophyll a) in
response to changing metal concentrations and which metals are the most important
inducers of phytochelatin at free metal concentrations found in the marine environment.
I cultured several marine phytoplankton, with the help of undergraduate research
student Shing Kong, in artificial seawater with defined trace metal concentrations and
quantified the steady state phytochelatin concentrations (Chapter 3). Most species pro-
duced increasing amount of phytochelatin with increasing cadmium concentrations and
the relative concentrations synthesized by the various species were similar to each other.
In the following chapter (Chapter 4) I characterize the response of primarily one organism,
Thalassiosira weissflogii, to many different metals. At concentrations typical of the
marine environment only cadmium and copper should directly influence phytochelatin
concentrations. All the other metals tested had no effect at low concentrations and only a
few induced production at concentrations higher than are likely to be encountered in the
natural environment.
Measurements of phytochelatin concentrations have been made in coastal and
open ocean phytoplankton populations. Chapter 5 details an examination of seasonal sam-
ples from a transect from Boston Harbor to Massachusetts Bay, and of September samples
from several harbors in coastal southeastern New England. The transects reveal a decreas-
ing seaward trend in phytochelatin concentrations, with some interesting secondary fea-
13
tures probably due to the complexation of metals by organic material. Phytochelatin
concentrations measured in samples from the September sampling of various harbors
demonstrate an inverse correlation with the concentration of copper complexing agents.
Phytochelatin concentrations show no relationship to total copper, but are related to mea-
sured free cupric ion concentrations and this relationship is quite similar to that obtained
for laboratory cultures.
Open ocean samples consist of depth profiles from the Equatorial Pacific along a
south to north transect across the Equatorial upwelling. The phytochelatin concentrations
measured in this area are very similar to those measured in the coastal samples. There are
not large differences between profiles in and out of the upwelling zone, but most profiles
have a subsurface maximum in phytochelatin concentrations. Addition of cadmium to
incubation experiments yielded increased concentrations of phytochelatins over controls
at all stations tested, but copper additions did not stimulate production in samples col-
lected outside the upwelling zone, suggesting the presence of biogenic chelating agents in
the water advected from the upwelling zone.
The phytochelatin concentrations measured in these field samples reflect exposure
of a mixed community of phytoplankton to metals, primarily cadmium and copper. It is
likely that phytochelatin measurements could be used in conjunction with other monitor-
ing techniques to evaluate the exposure of phytoplankton to these metals.
14
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Abstract
Phytochelatins are small metal-binding polypeptides synthesized by algae in
response to high metal concentrations. Using a very sensitive HPLC method, we have for
the first time quantified phytochelatins from phytoplankton in laboratory cultures at envi-
ronmentally relevant metal concentrations and in marine field samples. Intracellular con-
centrations of phytochelatin, in the diatom Thalassiosira weissflogii, exhibit a distinct
dose response with free cadmium ion concentration in the medium - not with total cad-
mium - and are detectable even when [Cd+2] is less than 10-12 M. In Massachusetts Bay,
phytochelatin levels (normalized to chlorophyll a) in the particulate fraction are similar to
those measured in laboratory cultures exposed to picomolar [Cd+2] and exhibit a decreas-
ing seaward trend. Incubations of natural samples with added cadmium confirmed the
induction of these peptides by this metal. Ambient phytochelatin concentrations thus
appear to provide a measure of the metal stress resulting from the complex mixture of
trace metals and chelators in natural waters.
Introduction
First identified in fission yeast (Murasugi et al., 1981), phytochelatins have now
been found to be ubiquitous in plants, algae and many fungi (Grill et al., 1985; Grill et al.,
1987; Robinson, 1989; Rauser, 1990). Like metallothioneins- the primary metal-binding
peptides in animals and prokaryotic organisms- they detoxify intracellular metals by
binding them through a thiolate coordination. Phytochelatins are enzymatic products
(Grill et al., 1989) with the amino acid composition (-Glu -Cys)n-Gly, n= 2-11 (Grill et
al., 1985). The enzyme, phytochelatin synthase, is activated in vitro in the presence of
metals and deactivated when the metals have been bound by the newly synthesized phyto-
chelatins (Grill et al., 1989; Loeffler et al., 1989). Phytochelatin synthase adds the y-Glu-
Cys from glutathione, (-Glu -Cys)-Gly, to another glutathione (to make n=2) or to
another phytochelatin chain to increase the repeating unit from n to n+l. Longer chain
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lengths bind metals more tightly in vitro (Loeffler et al., 1989), but their cellular roles are
otherwise unknown.
On the basis of the laboratory data, plants growing in areas contaminated by metals
are expected to contain phytochelatins. The presence of these peptides may serve as a bio-
indicator of metal exposure (Robinson, 1989). Indeed two field measurements have docu-
mented elevated phytochelatin concentrations in plants growing near mine tailings, areas
of extreme metal pollution (Grill et al., 1988; Jackson et al., 1991).
Extrapolating laboratory data on phytochelatin production by phytoplankton in
culture to natural waters is not straightforward. All laboratory experiments to date have
been performed at very high metal concentrations (20- 1000 pM) (Gekeler et al., 1988;
Wikfors et al., 1991). Such concentrations are 10,000 to 100,000 times greater than the
total dissolved concentrations of metals in surface seawater (e.g. Cd= 2-4 x 10-12 M and
Cu= 0.5 x 10-9 M (Coale and Bruland, 1988; Bruland, 1992)) including those near sewage
outfalls (Wallace et al., 1988). Even control cultures, to which metals are not deliberately
added, may contain higher metal concentrations than seawater, because of metal impuri-
ties in the chemical reagents used to prepare media and in the culture flasks. The problem
is further complicated by the presence of unidentified natural chelating agents in coastal
(Nimmo et al., 1989) and oceanic waters (Coale and Bruland, 1988; Bruland, 1989; Mof-
fett et al., 1990; Bruland, 1992) which may dramatically alter the chemical speciation of
the metal and hence its biologically availability. The biological effects of metals on phy-
toplankton are known to depend usually on the free rather than on the total metal concen-
trations (Sunda and Guillard, 1976; Morel and Hering, 1993), but this has not been studied
with regard to phytochelatin induction. Thus the complexity of the metal chemistry in nat-
ural waters precludes a simple extrapolation of laboratory data and direct field measure-
ments are needed to demonstrate the existence of phytochelatin in natural phytoplankton
populations.
In this study we use a new analytical measurement technique for phytochelatins to
establish the phytochelatin response of phytoplankton in culture at environmentally rele-
vant cadmium concentrations. We also demonstrate that the response is indeed controlled
by the free rather than the total cadmium. Finally we present data on phytochelatin con-
centrations in natural samples from Boston Harbor and Massachusetts Bay which exhibit a
19
systematic decreasing seaward trend, away from metal sources in the harbor.
Materials and Methods
For laboratory experiments, the marine diatom Thalassiosira weissflogii, clone
Actin, was cultured in the chemically defined artificial seawater medium Aquil (Price et
al., 1991) at several cadmium concentrations. Medium is treated with Chelex-100 to
remove trace metal impurities and the background total cadmium concentration is esti-
mated to be < 1 nM, equivalent to [Cd+2 ] < 10-13 M. Cadmium concentrations in the
medium were adjusted by equimolar cadmium-EDTA additions as discussed in Price et al
(1991).The resulting free cadmium ion concentrations were calculated with the thermody-
namic equilibrium model MINEQL (Westall et al., 1976). Cells were grown at a constant
20° C with continuous light at 120 BE m 2 s-1 in acid-cleaned polycarbonate bottles.
Growth was monitored daily with a CoulterR Counter, and rates calculated from the
regression lines of log cell concentration vs. time. Late exponential cells (4.0x104 cells/
ml, 500 mls) were harvested by gentle filtration (< 5 psi) onto Whatman GFIF filters and
stored in liquid nitrogen.
Harvested cells were placed directly from storage into 10mM methanesulfonic
acid at 70° C for 2 minutes to denature proteases. This mixture was then homogenized
with a Wheaton teflon pestle and glass grinding tube on ice. The homogenate was then
centrifuged in a Beckman Microfuge ETM for 10 minutes. Supernatant was retained for
derivatization with the fluorescent tag monobromobimane (Newton et al., 1981; Steffens
et al., 1986) and separation with ion-pair reverse phase chromatography. Analyses were
performed on a Beckman HPLC equipped with a Gilson 121 fluorometer and an Alltech
(2.1 x 250mm) C-18 5g reverse-phase column using an acetonitrile gradient (from 18 to
90%) buffered at pH=4.2 by 42mM acetic acid with 0.64 mM of the ion pairing reagent
tetraoctyl ammonium bromide. The system was optimized for maximum sensitivity by
adjusting the particular ion-pair employed, the column diameter and the sample injection
loop size (20011l). The detection limit is -04).3 picomoles per injection.
For field experiments, samples of surface seawater (see map of Figure 1 for loca-
tion) were dispensed into acid-cleaned polycarbonate bottles. The particulate fraction was
20
42° 31']
42° 24']
42° 17']
42° 10']
71° 04'W 70° 55'W 70° 46'W 70° 37'W 70° 28'W
Figure 1. Map of Boston Harbor and Massachusetts Bay. Sampling stations indicated
by darkened circles; arrow shows sampling location for incubation experiment.
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collected by gentle filtration (< 5 psi) onto 25mm Whatman GF/F filters. Chlorophyll
samples were processed as described by Parsons et al (1984) and were measured on a
Turner Designs fluorometer. Samples for phytochelatin analysis were treated like the lab-
oratory phytoplankton samples, the only difference being the use of an Alltech Adsorbo-
sphere HS C-18 3g (2.1 x 250mm) reverse-phase column.
Incubation experiments were performed on water collected from the University of
Massachusetts Boston pier (arrow on map of Fig. 1). Water was collected into 10- 2 liter
acid cleaned polycarbonate bottles using an acid cleaned teflon line and a battery operated
MasterflexR peristaltic pump. Incubations were done in a 10° C refrigerator with attenu-
ated light. Aliquots were sampled from the duplicate bottles at 6, 18 and 42 hours.
Results and Discussion
Over a range of free cadmium ion concentrations, from no added cadmium to
lnM, phytochelatins exhibited a distinct dose response (Fig. 2). Each of the oligomers
(n= 2, 3, 4) increased systematically with increasing metal concentrations, the dimer being
dominant in all culture extracts. Internal phytochelatin levels varied by two orders of
magnitude over the range employed, while the growth rate of the culture remained practi-
cally unchanged. It is notable that even with no added cadmium and at natural (non-pol-
luted) cadmium concentrations, [Cd 2+] < 10-12 M (Bruland, 1992), phytochelatin was
present in significant amounts in the cells, as noted previously by Price and Morel (1990).
This suggests the possibility that, besides detoxification, phytochelatins may serve in
intracellular metal homeostasis as hypothesized by several previous researchers (Grill et
al., 1985; Robinson, 1989; Rauser, 1990). In our experiments so far with other metals, we
have found that Cu, Pb and Ni at free concentrations of 10-9 M or less, also induce phyto-
chelatin in Thalassiosira weissflogii, but not to the extent that cadmium does (Chapter 4).
Many studies of the effects of trace metals on phytoplankton have established that
the toxicity of a metal is dependent on its free ion concentration rather than its total con-
centration (Sunda and Guillard, 1976; Morel and Hering, 1993). This is also true of phy-
tochelatin production as demonstrated by the filled data points included in Figure 2. These
data represent cultures that contained a tenfold lower total cadmium concentration than
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Figure 2. Phytochelatin concentrations in Thalassiosira weissflogii (TW) at varying
free cadmium ion concentrations (pCd = -log [Cd+2]); the various chain lengths are
labelled (circle), n=2; (upside down triangle), n=3; (square) n=4. Filled symbols cor-
respond to measurements from cultures in which the total cadmium was ten-fold lower
and the EDTA concentration adjusted to obtain the same pCd. Data points represent-
ing no added cadmium and pCd = 12.0 cultures were not duplicated. All other points
are the average of duplicates, error bars being within the symbol for several data
points. Right vertical axis is calculated assuming an average of -6x10' 12 grams chl a
per cell. Inset shows detail of n=2 and n=3 values for the three lowest cadmium con-
centrations. Growth rates were 2.3, 2.6, 2.6, 2.6, & 2.3 doublings per day, in order of
increasing pCd's.
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the others, but achieved the same free cadmium by lowering proportionally the EDTA in
the medium. All other total metals were adjusted accordingly to maintain their free ion
concentrations constant. The resulting phytochelatin levels are identical to those obtained
at higher total cadmium but same free ion concentrations.
To test the production of phytochelatin in natural phytoplankton populations we
collected samples from Massachusetts Bay in February, April and June of 1993 (see map
Figure 1). Concentrations of the phytochelatin dimer from -2 to 25 pmol (g chl a)-1 were
measured in these samples, values similar to those observed in our laboratory cultures. As
might be expected, the highest values were found near the harbor, which receives sewage
and riverine inputs, and decreased as we sampled farther from anthropogenic sources of
metals (Figure 3). While they are fairly noisy, the three sets of field data are consistent
with each other and the decreasing seaward trend is unmistakable.
To demonstrate that the elevated phytochelatin concentrations in the natural phy-
toplankton populations evince exposure to metals, we incubated a water sample from Bos-
ton Harbor, presumably rich in uncharacterized metal-binding organic material, with
added cadmium. Addition of 100 nM CdC12 promoted high, though variable, phytochela-
tin concentrations in two separate samples (Figure 4). A sample amended with 5 nM
CdC12 remained indistinguishable from the control, thus indicating, by comparison to the
laboratory data, that less than one picomole (10-12 moles) of the cadmium remained
uncomplexed. Addition of 100 tM EDTA resulted in a small but perceptible decrease in
the algal phytochelatin concentrations (from 1.5 to 0.8 gmol (g chl a)-l).
Overall, our laboratory and field data exhibit remarkable consistency and support
the notion that phytochelatins may be a good quantitative indicator of metal exposure.
The similarity between the values obtained in cultures and in natural samples is almost
surprising in view of the crudeness of the normalization to chlorophyll a concentrations.
The agreement among the three sets of field data shows that the gradient in intracellular
phytochelatin concentrations maybe a permanent oceanographic feature in Massachusetts
Bay, presumably reflecting a gradient in metal availability. Clearly one expects the posi-
tion of peak concentrations to be dependent on the tides - which dominate the currents
and the mixing regime in the bay and were similar for the three sampling episodes.
Because different organisms may respond differently to various metals, it is not possible at
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this time to say what metals were responsible for the observed phytochelatin gradient
Nonetheless the similarity in the profiles over the seasons (winter to early summer) when
the flora was dominated by different species (Townsend et al., 1990) supports the notion
that the phytochelatin response is sufficiently general to provide an overall measure of
metal exposure, possibly of exposure to a particular metal such as cadmium.
Our measurements of phytochelatin concentrations in phytoplankton cultures at
background trace metal concentrations provide a basis to speculate on the extent to which
these algal chelators may be a significant source of dissolved complexing agents in seawa-
ter. For example, if we consider an open ocean chlorophyll a concentration of 0.1 Rg per
liter, a phytochelatin concentration of -2 grmol (g chl a)-1 , and a turnover time of the phy-
toplankton of -1 day (assuming all of the phytochelatin to be released to the medium) we
can calculate an extracellular turnover time of about 100 days to maintain a concentration
of 20 pM in the water column. Phytochelatins, which are subject to oxidation of the thiols
and breakdown by proteases, would thus seem unlikely to constitute a major fraction of
the mysterious chelators measured by several researchers (Coale and Bruland, 1988; Bru-
land, 1989; Moffett et al., 1990; Bruland, 1992).
While much additional laboratory and field work at relevant metal concentrations
remains needs to be done to elucidate their exact cause, variations in phytochelatin con-
centration are measurable in field samples and in phytoplankton at environmentally rele-
vant metal concentrations. Thus phytochelatins appear to provide a measure of the short
term response of the algae to metal stress as imparted by the complex mixture of trace
metals and chelating agents in their external milieu. More importantly, perhaps, the study
of phytochelatin production in situ provides a mechanistic insight into the physiological
response of the phytoplankton and may allow us to causally link increases in metal con-
centrations to their biological and ecological consequences.
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Abstract
Phytochelatins are metal-binding peptides produced enzymatically by higher
plants, fungi and algae in response to many metals, particularly cadmium. We have stud-
ied phytochelatin production in several marine phytoplankton exposed to a range of free
cadmium ion concentrations. As a result of increased analytical resolution, we have found
that all the species contain phytochelatin even when there is no added cadmium and that
elevated phytochelatin concentrations are induced by cadmium even at very low and envi-
ronmentally relevant concentrations (as low as 10-12 M free ion concentration). In some
but not all species intracellular cadmium and phytochelatin concentrations are maintained
at a fixed stoichiometric ratio at high cadmium concentrations. Phytochelatin production
and accumulation appear to be regulated in a manner that varies among phytoplankton
species.
Introduction
First identified in fission yeast (Murasugi et al., 1981), phytochelatins have been
shown to be the major intracellular metal binding peptides of plants, algae and some fungi.
While the presence of phytochelatins in phytoplankton exposed to very high metal con-
centrations is well established, little is known regarding the physiological control of algal
phytochelatins particularly at realistic environmental metal concentrations. Recently we
have measured phytochelatins in the ambient algal population in Massachusetts Bay and
observed a decreasing trend from the Inner Boston Harbor to Massachusetts Bay (Chapter
2 & 5). In this paper we examine the production of phytochelatins in cultures of several
species of marine phytoplankton with varying dissolved cadmium concentrations. In the
next chapter, we study the phytochelatin response of (chiefly) one organism-Thalassio-
sira weissflogii - exposed to a variety of metals.
Phytochelatins are polypeptides with the amino acid structure ( -glu-cys)n-gly
where n ranges from 2 to 11 (Grill et al., 1985). The gamma linkage of the glutamate and
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cysteine residues involves the carboxyl of the functional chain of glutamate and the amino
group of the cysteine. Phytochelatin production is enhanced when organisms are exposed
to high concentrations of a wide range of metals (Grill et al., 1985). An enzyme, phytoch-
elatin synthase, isolated from a higher plant, catalyzes phytochelatin formation in vitro
(Grill et al., 1989). The enzyme cleaves the terminal glycine from one glutathione (-glu-
cys)-gly and joins the -glu-cys to the amino terminus of another glutathione to form the
n=2 oligomer, the chain can be lengthened stepwise by the joining of additional -glu-cys
moieties to the phytochelatin peptide chain. Phytochelatin synthase requires a metal ion
for activity, and several metals have been shown, at various concentrations, to restore
activity to the apoenzyme in vitro (Grill et al., 1989); cadmium was found to be the most
effective at restoring the activity of the enzyme. The enzymatically produced phytochela-
tin, (or artificial chelating agents such as EDTA) can turn the enzyme off by chelating the
metal (Loeffier et al., 1989).
Phytochelatins are thought to be the functional analog of metallothioneins- the
primary metal-binding protein in animal and prokaryotic cells. Like metallothionein, they
chelate metals through coordination with the reduced sulfur in cysteine. Reports of sulfur
to metal ratios in the isolated complexes range from 2 to 4. Strasdeit et al (1991) used
EXAFS spectroscopy on phytochelatin complexes isolated from a tobacco plant and dem-
onstrated that each cadmium ion was coordinated by four cysteine sulfurs. Thus if there
are primarily n=2 or n=3 oligomers, more than one peptide must chelate a single metal
ion. Acid labile sulfide, as well as sulfite, has been found to be associated with some
metal-phytochelatins complexes and to increase stability of the metal-peptide cluster
(Murasugi et al., 1983; Steffens et al., 1986; Weber et al., 1987). It has been suggested
that phytochelatin may serve as a temporary carrier of reduced sulfur in the sulfur incorpo-
ration pathway (Steffens et al., 1986).
Previous studies with algal cultures have established that phytoplankton produce
phytochelatins when exposed to high metal concentrations. Using analytical refinements,
which permit us to measure very low concentrations of phytochelatins, we examine here
the response of eight species of marine phytoplankton, covering most major taxa, when
exposed to several cadmium concentrations over the range encountered in seawater.
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Materials and methods
Culturing conditions and medium - All algal species (Table 1) were obtained from
the Culture Collection of Marine Phytoplankton, Bigelow Laboratories for Ocean Sci-
ences. The chemically defined artificial seawater medium AQUIL (Price et al., 1991) was
employed throughout the study. Cadmium concentrations in the medium were varied by a
separate addition of the Cd-EDTA complex. The resulting free metal ion concentrations
(pMe= -log Me+2) were calculated with the thermodynamic equilibrium model MINEQL
(Westall et al., 1976). In all experiments, total metal and EDTA concentrations were
adjusted to maintain the pMe's of all the other metals in solution at their normal AQUIL
values. Cells were grown at a constant temperature of 20° C with continuous light at 120
gE m 2s 1 in acid-cleaned polycarbonate bottles. Cell density was monitored daily with a
CoulterR Counter or with in vivo fluorescence on a Turner Designs filter fluorometer, and
rates calculated from the regression lines of log cell concentration vs. time or log fluores-
cence vs. time. Cellular volumes were also measured with the CoulterR Counter. Late
exponential cells were harvested by gentle filtration (with vacuum pressures < 5 psi) onto
Whatman GF/F filters and stored in liquid nitrogen. Small volumes were also collected
for chl a analysis and were treated as outlined in Parsons et al (1984).
Cell preparation and derivatization- Cells and filter were placed directly from liq-
uid nitrogen into 70° C acid (10mM methanesulfonic acid) for two minutes to denature
large proteins and enzymes which may break-down phytochelatin in vitro. The mixture
was then homogenized on ice with a tissue grinder and a Wheaton teflon pestle and glass
grinding tube. The homogenate was then transferred to Eppendorf centrifuge tubes and
centrifuged for 10 minutes in a Beckman Microfuge ETM to pellet filter and cell frag-
ments. The supernatant was retained for reaction with the fluorescent tag.
Phytochelatin concentrations were quantified via a sulfur specific fluorescent
tag- monobromobimane (mBrB) (Molecular Probes). Reaction conditions were largely
modelled after the method of Newton et al (1981) with several modifications. The super-
natant, prepared as described above, was reacted with excess dithiothreitol (DTT) for 10
minutes to reduce disulfides formed while preparing the cell homogenate. The mixture
was then reacted with the monobromobimane as described (Newton et al., 1981); after 10
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minutes excess cysteine was added to react the remaining mBrB which elutes near the n=2
oligomer. The cys-mBrB peak is the first large off-scale peak in Figure la. The sample
was then acidified with 1M acetic acid to stabilize the reaction mixture.
HPLC Chromatography- Chromatography was performed on a Beckman HPLC
equipped with a Gilson 121 filter fluorometer (310-410 nM excitation, 475-650 nM emis-
sion). An Alltech Adsorbosphere HS C- 18 3g reverse-phase column (2.1 x 250mm) was
employed with an acetonitrile gradient (from 18 to 90%) buffered at pH = 4.2 by 42 mM
acetic acid with 0.64 mM of the ion pairing reagent tetraoctyl ammonium bromide. Phy-
tochelatins have previously been quantified with monobromobimane (Steffens et al., 1986;
Kneer et al., 1992). Our chromatographic method uses an ionpair to separate phytochela-
tin from interferences. Monobromobimane reacts non-specifically with many nucleo-
philes (including water), as well as with any sulfide containing cellular constituents or
added reducing agent DfT creating many interfering reagent peaks (Newton et al., 1981).
The carboxyl groups of the phytochelatin are charged at the pH of the running buffer and
thus interact with the positively charged ammonium ion of the ionpair, separating the phy-
tochelatin from most of the reagent peaks and the large peaks of the DTT that elute chiefly
from 0 to 25 minutes (Figure la).
Typical chromatograms for a blank (reagents only), a synthetic n=2 standard, and a
cell extract from 50-80 minutes are shown in Figure lb. The n=2 oligomer elutes roughly
at 53 minutes, the n=3 at 70 minutes and the n=4 at 73 minutes. The standard mixture has
some impurities, thus small stray peaks occur such as the one in between the two reagent
peaks present in the blank. The elution of the n=2 oligomer and the two reagent peaks
occurs slightly earlier in the cell extract chromatogram; this is due to the large amount of
organic material present in the cell extract sample. Coelution of the synthesized standards
(n= 2, 3 &4) with the phytochelatin peaks in the cell extract, as well as amino acid analysis
of collected peak fractions confirmed the identity of the peaks as phytochelatins. Amino
acid analysis (acid hydrolysis followed by phenylisothiocyanate pre-column derivatiza-
tion, data shown in Appendix A) and synthesis of the phytochelatin standards were per-
formed at the MIT Biopolymers Laboratory.
Calibration of peak area to concentration was done with the synthetic standard
n=2; a linear relationship holds for a wide range of concentrations (from 1 to 400 pico-
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Figure 1. A. A chromatogram of a blank (reagents only). Fluorescence (left y-axis) is
plotted vs. time from 0 to 80 minutes. The percentage acetonitrile (right y-axis) is
plotted as a dotted line over time. B. Chromatogram of fluorescence vs. time from 50
to 80 minutes; top is blank, middle is n=2 standard, and bottom is a T. weissflogii cell
extract. Phytochelatin oligomers are marked by arrows.
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moles) (Figure 2). The n= 3 and 4 peak areas were calibrated with the n=2 calibration
curve as there is a linear increase in fluorescence with increasing number of tags per mol-
ecule. Utilizing a 200gl injection loop with this small bore column gives us a detection
limit of -0.3 pmol.
Cadmium quotas- Cells were cultured as described above with the addition of car-
rier free 109Cd to the growth medium. The cells went through at least 6 doublings in the
presence of the tracer. Near the end of exponential growth, cells were collected onto
25mm 0.2- 3pgm (depending on cell size) Poretics polycarbonate membrane filters with
gentle filtration, incubated 15 minutes on the filter with lmM diethylenetriaminepentaace-
tic acid (DTPA) dissolved in seawater to remove surface bound 109Cd, and then rinsed
with three aliquots of filtered seawater (Lee et al., submitted). The cadmium quotas for
the coccolithophores include cadmium incorporated into the coccolith. The isotope
remaining on the filter was counted by liquid scintillation in a Beckman LS 1801. A cal-
culated specific activity was used to determine the metal quotas of the cells at the various
pCd's. Radiolabelled cells were fixed with Lugol's Solution (Parsons et al., 1984) and
counted microscopically with a Fuchs-Rosenthal haemacytometer.
Results
Eight species of eucaryotic algae were cultured at several cadmium concentrations
to quantify intracellular phytochelatin concentrations (Figure 3). The range of free cad-
mium ion concentrations was chosen to encompass values typical of the marine environ-
ment, from pCd=13 measured in the open ocean by Bruland (1992), to pCd= 9
corresponding to a total inorganic cadmium concentration of 10 nM, well above maximum
coastal cadmium concentrations (Wallace et al., 1988; Flegal and Safiudo-Wilhelmy,
1993) and high enough to inhibit the growth rates of some organisms (Figure 4).
All species examined produced measurable quantities of phytochelatin at all cad-
mium concentrations. Our data unequivocally demonstrate the presence of phytochelatins
even at the lowest free metal concentrations. Phytochelatin concentrations are given nor-
malized to chlorophyll a ( -glu-cys= 2(n=2) + 3(n=3)+ 4(n=4), EC values; Table 2) to
allow for comparison between species and with field data. At no added cadmium
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Figure 2. Calibration curve of n=2, concentration (0- 400 pmol) vs. peak area. Insert is
an enlargement the standard curve at very low concentrations from 0.5 to 5 picomoles.
Line represents a best fit regression through the data points.
39
Om
480
360
240
120
0
215
a 75
I 0
,uu
1500
1200 225
900 go 150
600
75
300
0 0
au IOU
625
585
500
390 375
250
195
125
a o
1.9U
90
60
30
O
-ZZ -A - ___ 1500
1250
1000
750 0
a
500 _
0
250 
0 0
.- 9~~~~~~~~~ 0M
0 @1
0
. 225
150O
75
0
WUU
450
300
150
a
225 a00
188 -
150
113
75
38
O
f~~~l ^ *_ ^  tz ^ ee ~~~~~~~~~~
;U.u 1.U O0u.U
P. lduheri
37.5 11.3 37.5
25.0 7.5 25.0
12.5 
0.0
3.8 12.5
n n
_._- i . i _._ v w. . . . . I . , v.w
13.0 12.0 11.0 10.0 9.0 13.0 12.0 11.0 10.0 9.0
pCd= -log [Cd+2]
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Figure 4. Relative phytoplankton growth rates at the different free cadmium ion con-
centrations. Maximum growth rates listed in Table 1.
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(labelled as pCd=13) the range of phytochelatin produced is fairly tight, from 4- 40 gmol
(g chl a)-1 (Table 2). For T. weissflogii, the value of EC in parentheses (E y-glu-cys= 34
amol cell'), is on the same order as metal quotas measured in this species (50 and 30 amol
cell-1 for Zn and Co respectively; Morel et al., 1991).
The chlorophyll a per cell (Table 1) used to normalize the phytochelatin data is the
average of cultures grown at various pCd's and constant light. The actual chlorophyll a
per cell was variable, but the variation was never more than ±50% and there was no clear
pattern of change with respect to cadmium concentration in the medium.
All species, except for the dinoflagellate, exhibited increasing concentrations of
phytochelatin with increasing free cadmium (Figure 3). In most species a measurable
response occurred at a very low free cadmium concentrations, much lower than concentra-
tions that affected growth rate, and one that is likely to be found in seawater. Thus phyto-
chelatin production is probably an important physiological response in the field (Chapter
2). P. lutheri, a prymnesiophyte, only increases phytochelatin production when the cad-
mium concentrations reach pCd=10. Only the dinoflagellate H. pygmaea maintains a con-
stant phytochelatin concentration over the whole range of pCd's, suggesting that an
alternative detoxification mechanism for cadmium may be employed by this organism.
Within the variability measured among species there do not appear to be trends
according to phylogenetic groupings. Of the two diatoms that were assayed, T. weissflogii
contains from 13-2400 gmol y-glu-cys (g chl a)-1 whereas only -34-410 gmol total y-
glu-cys (g chl a)-1 were measured in T. oceanica. The two coccolithophores, E. huxleyii
and P. carterae, also produce very different amounts, over the range from pCd=13 to 10:
~40-900 gmol y-glu-cys (g chl a)-land -3-270 gmol y-glu-cys (g chl a)-1 respectively.
The same is true of the two chlorophytes investigated. Moreover, there do not appear to
be systematic differences in either phytochelatin concentrations or the onset of the phyto-
chelatin induction between coastal and oceanic species: T. weissflogii and P. carterae are
coastal isolates whereas T. oceanica and E. huxleyii are pelagic.
Most species tested produce markedly more of the dimer (n=2) than of the other
oligomers, although ratios between the oligomers depend on the cadmium exposure. The
chlorophyte D. tertiollecta, like higher plants, produces significantly more of the longer
chain length phytochelatins (n=3 and n=4) at the three highest cadmium concentrations.
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In the prymnesiophyte E. huxleyii the trimer and dimer are at similar concentrations and
both respond dramatically to increased cadmium. Clearly the synthesis of the longer chain
oligomers is regulated in different ways by different phytoplankton species.
To compare the amount of phytochelatin produced in the cells to the amount of
intracellular cadmium, we measured the cellular cadmium concentrations for all the spe-
cies at all pCd's (Figure 5). All species exhibited increasing cellular cadmium concentra-
tions with increasing free cadmium in the medium. The normalization to grams of
chlorophyll a per cell (intracellular cadmium on a per cell basis is listed in Table 2) sepa-
rates the species into two groupings- four species accumulate about ten times more cad-
mium than the other four. The two oceanic species, T. oceanica and E. huxleyii fall
together into the group containing more intracellular cadmium. For all the species, the
increase in intracellular cadmium was considerably less than that in the extracellular free
cadmium concentrations, the maximum being a factor of 103 for P. lutheri and the mini-
mum a factor of 10 for T. weissflogii over a range of 104 in Cd+2.
The ratios of intracellular phytochelatin to cadmium concentrations are plotted for
each pCd in Figure 6 ((y-glu-cys) per Cd mol molr, values from Table 2). The dotted
line indicates the 2:1 ratio, the maximum capacity of phytochelatin to chelate the cadmium
in a bidentate complex. Four of the eight species, T. oceanica, T. maculata, E. huxleyii,
and P. lutheri, display a similar pattern of phytochelatin production normalized to intracel-
lular cadmium. At the lowest concentration of cadmium (pCd=13), all species contain
more than enough phytochelatin to complex intracellular cadmium and it is likely that
other metals, such as Zn or Co, are binding a significant fraction of the total phytochelatin.
With increasing cadmium, each of these four species appears to regulate phytochelatin
production to follow internal cadmium: the ratios approach constant values near the 2:1
line. The data for the other four species suggest a more complicated relationship between
phytochelatin and internal cadmium. Only the dinoflagellate has ratios that drop signifi-
cantly below the 2:1 line, once again suggesting that this organism has an alternative
mechanism for dealing with intracellular cadmium. T. weissflogii exhibits an increasing
ratio of phytochelatin to internal cadmium with increasing cadmium concentrations. The
ratio also increases for P. carterae, but levels off and eventually decreases at the highest
cadmium concentration when growth is significantly affected. Conversely D. tertiollecta
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Figure 5. Log intracellular cadmium concentration (normalized to chl a cell-l) plotted
vs. free cadmium ion concentration. Average cellular concentrations of chl a cell 1 for
each species is given in Table 1. Error bars are the average of two duplicates; where
not shown error bars are within symbol.
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displays a steadily decreasing ratio for the whole range of cadmium concentrations while
there is no effect on growth rate.
Discussion
The use of a chemically defined and metal-buffered medium has allowed us to
evaluate the relationship between metal exposure and phytochelatin production in marine
phytoplankton in steady exponential growth. Phytochelatin production, for most species
in this study, is an important intracellular process, likely the primary mechanism for
detoxification once cadmium enters the cell. We have demonstrated, as a result of
increased resolution and methodological sensitivity, that all the species contain phytochel-
atin even when there is no added cadmium and that phytochelatin production in phy-
toplankton is induced by cadmium even at very low and environmentally relevant
concentrations. In all but one organism, phytochelatin production is a function of the free
cadmium in the medium. Comparison of internal cadmium and phytochelatin concentra-
tions has revealed that the regulation of phytochelatin synthesis and polymerization varies
widely among phytoplankton species and is not simply a function of intracellular cad-
mium.
All previous studies of phytochelatin production in phytoplankton have been done
at high metal concentrations in unbuffered systems under non-steady state conditions
(upon Cd addition to the culture medium, intracellular cadmium concentrations first
increase as cadmium is taken up by the cells and then decrease as the cell biomass
increases). Comparisons are thus difficult; still it is instructive to compare our maximum
concentrations to these other studies. Gekeler et al (1988) exposed many algal species to
20gLm Cd(N0 3)2 and measured values of -5-50 gmol y-glu-cys g-1 protein. A rough esti-
mate of -40 g protein per g chl a, yields concentrations (200-2000 gmol (g chl a)-'1 that
are very similar to those measured at the highest pCd in this study - 80-2800 Pmol (g chl
a)-1 (excluding H. pygmaea-Table 2). It is interesting that a completely different set of
phytoplankton (including both marine and freshwater species) yields nearly the same
range of concentrations.
At steady state, phytochelatin concentrations are both a function of synthesis and
47
dilution by cell division. Slower growth rates will thus result in higher cellular phytochel-
atin concentrations. Even when growth rate is decreased, the production rate is still a
function of the trace metal concentration.
The primary function of phytochelatin is thought to be metal detoxification. This
is supported by the binding properties of the peptides, by their induction upon metal expo-
sure and by the control of phytochelatin synthase by metal concentrations. Our steady
state data provide a further quantitative confirmation of the detoxifying role of phytochel-
atins in phytoplankton. In four of the species we studied, the increase in intracellular cad-
mium concentration upon cadmium exposure is exactly matched by an increase in
phytochelatin concentration, such that the ratio remains about constant around two y-glu-
cys per cadmium (Figure 6). These algae thus possess a finely tuned control mechanism to
synthesize the exact concentration of phytochelatin necessary to bind intracellular cad-
mium. It is however likely that a significant fraction of the cadmium is associated with
other cellular components, such as the membrane (Price and Morel, 1990; Reinfelder and
Fisher, 1994). The ratio of cadmium associated with phytochelatins may actually be
closer to the results of Strasdeit et al (1991) who measured four y-glu-cys per cadmium.
It is unlikely that phytochelatin production is the only mechanism of detoxification
in eucaryotic phytoplankton (Robinson, 1989; Wikfdors et al., 1991). Wikfors et al (1991)
tested cadmium-tolerant phytoplankton and reported that at very high concentrations of
cadmium (100-1000 AM) at least one species, Isochrysis galbana, was producing a metal-
binding protein, rich in cysteine, that was not phytochelatin. In our study, one organism is
clearly not utilizing phytochelatin production to detoxify cadmium: H. pygmaea does not
increase production of phytochelatin when exposed to greater cadmium concentrations
and the highest internal cadmium concentrations actually exceed those of phytochelatins.
Previous studies have established that some bacteria (Higham et al., 1984), including
many cyanobacteria (Olafson et al., 1979), produce a metallothionein-like protein to com-
plex metals intracellularly. Fungi can make phytochelatins (Murasugi et al., 1981) or met-
allothionein-like proteins (Lerch, 1980) or both (Mehra et al., 1988). Metallothionein
genes have also been identified in some higher plants (de Miranda et al., 1990; Evans et
al., 1990) and reports of metallothionein-like complexes in plants have been numerous. It
is thus possible that H. pygmaea (or some bacterial symbiont; Dodge, 1973) is synthesiz-
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ing metallothionein or a metallothionein-like protein instead of phytochelatin.
A comparison of our laboratory data to concentrations of phytochelatin measured
in the field (Chapter 2) reveals that natural populations produce amounts of phytochelatin
that are similar to those measured in cells with low cadmium concentrations. We mea-
sured dimer concentrations ranging from 20 pmol (g chl a)-lin Boston Harbor to 2 gmol
(g chl a)-1 in Massachusetts Bay. These values are very similar to those measured in the
pCd 13 toll range. Clearly the variability among species does not allow us to estimate
precisely the free cadmium concentrations in Boston Harbor, even if we assume that cad-
mium is the principal inducer of phytochelatin in the field. Nonetheless the very low phy-
tochelatin concentrations in Massachusetts Bay are comparable (or even lower than) those
obtained in the laboratory at the lowest free metal concentration (pCd 13) and those in
Boston Harbor are similar to those induced in cultures exposed to low free cadmium (pCd
12- 11). It is thus clear that the cadmium in Boston Harbor and Massachusetts Bay whose
total concentration is in the range 1 pM to 5 nM (Wallace et al., 1988) must be almost
entirely complexed. To attribute the observed phytochelatin gradient to a particular metal
or set of metals requires more information on phytochelatin induction by other metals in
marine algae (Chapter 4).
Since its discovery in the early 80's, many have speculated that phytochelatins
may have functions other than detoxification. Evidence that phytochelatins may act as a
buffer for metals in non-stressed cells was given by Grill et al (1988); they reported that
phytochelatin was induced in tobacco cells when cells were transferred from their growth
medium to fresh standard medium. As the zinc and copper were taken up by the cells
from the fresh medium, phytochelatin production initially increased; as the cell mass fur-
ther increased and the metals were incorporated into enzymes, the phytochelatins (per vol-
ume of culture) then decreased. It is possible that metal concentrations (ZnT= 37 gM and
CUT= 0.1 gM) in such "standard" medium may have simply stimulated an initial detoxifi-
cation response. Perhaps more convincing are in vitro studies that have shown that phyto-
chelatin-metal complexes restore activity to metal-requiring apoenzymes (Thumann et al.,
1991), implying that the same may occur in vivo. Our data showing the presence of phy-
tochelatins in all phytoplankton cells at very low free metal concentrations also implies a
role other than detoxification. The similarities between basal phytochelatin concentrations
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and those of trace metals under steady state conditions, provide strong support to the idea
that phytochelatins play a fundamental role in metal homeostasis. Such a role may be
potentially important in marine phytoplankton which must grow under conditions of
exceedingly low ambient metal concentrations.
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Abstract
Phytochelatin has been quantified in Thalassiosira weissflogii, a marine diatom,
upon exposure to a series of trace metals (Cd, Pb, Ni, Cu, Zn, Co, Ag, and Hg) at concen-
trations which would likely be found in the marine environment. Within the range of con-
centrations relevant to natural waters, cadmium, and to a lesser extent copper, are the most
effective inducers of phytochelatins. The generality of this result was confirmed by short
term experiments with two other phytoplankton species. Quantification of intracellular
cadmium, nickel, and zinc shows that phytochelatin production does not follow a simple
stoichiometric relationship to the metal quotas. The rapid formation of phytochelatin in T.
weissflogii upon cadmium exposure, and the fast elimination when metal exposure is alle-
viated, reveal a dynamic pool of phytochelatin which is tightly controlled by the cell.
Introduction
Many trace metals have been shown to induce phytochelatin production in plants
(Grill et al., 1987), although the concentration necessary to stimulate the response, as well
as the magnitude of the response, depend on the particular metal. Cadmium has been
found to be the most effective inducer of phytochelatin, yet it is believed that production
of this peptide is a general metal detoxification system (Grill et al., 1985) see reviews by
(Robinson, 1989; Rauser, 1990; Steffens, 1990).
Our goal is to elucidate the factors that control phytochelatin production by phy-
toplankton. In the previous chapter, we investigated phytochelatin production in response
to cadmium by several phytoplankton species. In this study we examine the response of
Thalassiosira weissflogii to a variety of metals (Cd, Pb, Cu, Ni, Zn, Co, Ag and Hg), all of
which have been found to stimulate phytochelatin production in higher plants. As in our
experiments with cadmium, we tested free metal concentrations that would be encoun-
tered in natural seawater in order to evaluate which metals may stimulate this response in
natural populations of algae. We performed short term assays with two other phytoplank-
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ton species to compare the patterns of the phytochelatin response to various metals.
Finally to assess how changing environmental conditions might be reflected by changes in
cellular concentrations of phytochelatin, we examined the kinetics of phytochelatin pro-
duction and elimination upon changes in metal exposure.
Materials and Methods
Cell preparation and HPLC Chromatography- T. weissflogii (Actin) was cultured
in Aquil (Price et al., 1991) as detailed in the previous chapter, but with the addition of dif-
ferent metals. These metals were added in addition to the normal trace metals in the Aquil
seawater medium containing either 10 or 100 pM ethylenediaminetetraacetic (EDTA).
Total metal additions (MeT) were made as Me-EDTA complexes to achieve the various
free ion (Me + n) and total inorganic ion (Me') concentrations (Tables 1& 2). See previous
chapter for methods outlining cell sample preparation and HPLC chromatographic meth-
ods.
Metal quota experiments- Cells were cultured as described in the previous paper
with the addition of carrier free radiotracers to the growth medium. Medium was allowed
to equilibrate with the tracer to ensure that it was proportionately distributed between the
free ion and EDTA complex. This was particularly important for nickel which required
one week of equilibration before adding the cells. Near the end of exponential growth,
cells were collected onto 25mm 3gm Poretics polycarbonate membrane filters with gentle
filtration, incubated 15 minutes on the filter with lmM diethylenetriaminepentaacetic acid
(DTPA) dissolved in seawater to remove surface bound 109Cd and 65Zn, and then rinsed
with three aliquots of filtered seawater (Lee et al., submitted). Nickel (63 Ni) containing
cells were incubated first for 3 minutes with a lmM 8-hydroxyquinoline-5-sulfonate sea-
water solution and then rinsed with filtered seawater (Price and Morel, 1991). Isotope
remaining in the cells on the filter was counted by liquid scintillation in a Beckman LS
1801. A calculated specific activity was then used to determine the metal quotas of the
cells at the various pMe. Radiolabelled cells were spiked with Lugol's Solution (Parsons
et al., 1984) and counted microscopically with a haemacytometer.
Short term metal exposures- Three phytoplankton species, T. weissflogii , Tetra-
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selmis maculata r(TTM), and Emiliana huxleyii (BT6) (obtained from the Culture Collec-
tion of Marine Phytoplankton, Bigelow Laboratories), were tested for a short term
response to high additions of cadmium, lead, copper and zinc (pMe=9). Duplicate 500 ml
cultures were grown in standard Aquil medium to late exponential, subdivided into four
aliquots and spiked with the different metals added as EDTA complexes at concentrations
necessary to achieve free ion concentrations of 1 nM (pMe=9). Cells were incubated 22
hours and harvested the next day onto 25 umm Whatman GF/F filters and analyzed for
intracellular phytochelatin as detailed in the previous paper.
Time series experiment- To determine rates of intracellular accumulation and deg-
radation of phytochelatin in T. weissflogii, time course experiments were conducted. In
the first experiment duplicate 500 ml cultures were grown to -3.0 X104 cells/ ml in
medium containing no cadmium, at which time cadmium was added as an EDTA complex
to achieve an equilibrium concentration of pCd=10. The bottles were sampled (in aliquots
of 25- 50 mls) at various times from t=0 to t36 hours. In the second experiment, when T.
weissflogii cells, cultured at a pCd=10, reached late exponential growth phase they were
filtered out onto 47 mm 3gm membrane filters, rinsed with filtered seawater and then
resuspended in fresh Aquil containing no added cadmium with normal EDTA (100pM)
and other trace metals. The duplicate bottles were sampled over time from t=0 to t=39
hours.
Results
The concentration of intracellular phytochelatin in T. weissfiogii increased upon
addition of most metals tested (Figure 1, Table 3). Cadmium stimulated production of
phytochelatins to the greatest extent, concentrations reaching 1500 amole (n=2) cell at
pCd =9, whereas Pb, Cu, and Ni induced much smaller amounts of phytochelatin at the
same free ion concentrations: 220, 50 and 25 amole (n=2) cell 1 respectively. As shown in
the previous chapter, growth rates for T. weissflogii were relatively unaffected by these
cadmium concentrations, but growth rates were reduced at the highest concentrations of
Pb, Hg, Ni and Cu. High lead and mercury concentrations reduced growth by a factor of
almost two, yet intracellular phytochelatin concentrations were relatively low compared to
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Figure 1. Phytochelatin concentrations in T. weissflogii induced individually by cad-
mium, lead, copper, nickel, zinc, cobalt, silver, and mercury plotted against the log of
the free metal ion concentration. Standard Aquil concentration of all other metals are
present in medium. Open circles are concentrations of the n=2 oligomer, open trian-
gles, n=3; and open squares, n=4. Error bars represent the average of measurements
from two separate cultures; samples without error bars were not duplicated. The left
y-axis is in units of ,umol (g chl a)-1 and the right axis is in units of amol celll(10 18
mole cell-l); note the different scales in each graph. The conversion from one unit to
the other is based on an average concentration of 2.6 pmol chl a cell-1 in T. weissflogii
(see Table 1, Chapter 3). The standard Aquil concentrations (optimal culture condi-
tions) of copper, zinc, and cobalt are marked with arrows.
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those induced by cadmium. The same was true for copper and nickel; growth was inhib-
ited at the highest concentrations, yet intracellular phytochelatin barely rose above back-
ground levels.
High zinc and cobalt concentrations had no effect on phytochelatin concentrations
or on growth rates up to a pMe=9. Free concentrations of Zn and Co above these levels,
which would rarely be encountered in natural seawater (>10 nM), did induce some phyto-
chelatin production in T. weissflogii (data not shown). At the lowest free zinc ion concen-
tration (pZn=12), zinc is a limiting nutrient for T. weissflogii and the growth rate was
decreased. The corresponding decrease in the n=2 phytochelatin oligomer at this zinc
concentration suggests that sufficient zinc stimulates some phytochelatin production and
phytochelatins may serve as a buffer for zinc. The addition of Ag did not stimulate phyto-
chelatin production or depress growth rates in the range tested. All of these metals have
been shown to induce phytochelatins in higher plants, but at much higher concentrations
than those employed in this study (Grill et al 1987).
To determine whether the response of T. weissflogii to the various metals is typical
of marine algae, we performed short incubations (22 hours) of two other species, E. hux-
leyii, a prymnesiophyte, and T. maculata, a chlorophyte, with relatively high additions of
Cd, Cu, Zn, and Pb (Figure 2.) The concentrations of phytochelatins induced in these short
term experiments were fairly similar to those measured at steady state in T. weissflogii
(Table 4), and the exceptional ability of cadmium to stimulate phytochelatin synthesis was
not limited to T. weissflogii. For all species, the greatest phytochelatin induction was
obtained with cadmium, followed by lead and copper, and little induction was seen with
zinc. The response of T. maculata to these metals was very similar to that of T. weissflogii,
except that there was relatively more phytochelatin production in response to zinc and less
in response to lead. The pattern of phytochelatin production in E. huxleyii was also much
like that of T. weissflogii, with the exception of the large response to copper. Almost as
much phytochelatin was synthesized in response to copper as to cadmium (Table 4); the
concentration of n=2 actually exceeded the concentration made in response to cadmium.
Production of phytochelatin by T. weissflogii in short term incubations with copper
and lead were slightly greater than at steady state. Over four times as much phytochelatin
was synthesized in response to copper. This difference may be due alternate detoxification
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Figure 2. Short term induction of phytochelatins in T. weissflogii, T. maculata, and E.
huxleyii upon addition of cadmium, copper, zinc, and lead. Metals were added as
EDTA complexes to achieve free metal ion concentrations of lnM. Cells were incu-
bated for 22 hours with the individual metals and then assayed for phytochelatin pro-
duction. Units of y-axis are as labeled in Figure 1; note the different scales in each
graph. Error bars represent the average of measurements from two separate incuba-
tions.
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Table 4. Phytochelatin concentrations (E -glu-cys gmol (g chl a)-1 ) from short term metal
additions experiments and steady state cadmium exposure concentrations. Individual
oligomer concentrations are plotted in Figure 2.
Cd Cu Zn Pb
T. weissflogii t 3600 170 10 330
t 2400 45 13 190
T. maculata t 170 44 57 12
t 1800
E. huxleyii t 550 340 8.6 40
t 4000
t Short term incubation phytochelatin concentrations.
tSteady state phytochelatin concentrations from Chapter 3.
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strategies given time to adapt to high concentrations of copper under steady state condi-
tions. For both T. maculata and E. huxleyii, the short term response to cadmium was much
less than that achieved at steady state concentrations (Table 4). These species may not
have the reserves of glutathione necessary to produce large amounts of phytochelatin or
cadmium may not be taken up as fast as in T. weissflogii.
Intracellular zinc and nickel was measured in T. weissflogii at the various free
metal concentrations to determine whether phytochelatin production was a function of
either of the metal quotas. These data are plotted in Figure 3 along with the intracellular
cadmium quotas from Chapter 3. As previously described, intracellular cadmium concen-
trations changed very little over the free cadmium ion concentrations, remaining nearly
constant at 13 amol cell-' at pCd 12 & 11, increasing to only 20 and 50 amol cell 1 at pCd
10 & 9 respectively. Steady state phytochelatin concentrations were not simply a function
of the intracellular cadmium. Phytochelatin pools exceeded cadmium on a mole:mole
ratio by 100 times at the highest cadmium concentration. Zinc quotas varied 100 fold over
the range of concentrations tested yet phytochelatin was constant, except at the lowest zinc
concentration. The ratio of y-glu-cys to Zn decreased as a result of the increasing Zn
quota. Total inorganic concentrations of zinc in the medium are much lower than those of
cadmium at the same free metal ion concentration (Cd'= 30 pM vs. Zn'= lpM at the free
ion concentration of 10-12 M). Thus the difference in metal quotas at the lowest free ion
concentration may reflect limitation of zinc uptake by diffusion (Hudson and Morel,
1993).
Intracellular nickel quotas ranged from 0.3 to 300 amol cell' from pNi's of 12 to 9
and were a function of free nickel concentrations although the medium contained nitrate
and the cells should have had no nickel requirement (Price and Morel, 1991). Phytochela-
tin concentrations did not follow increasing nickel quotas, even when nickel reached lev-
els high enough to inhibit growth. Ratios of y-glu-cys to Ni decreased as nickel
concentrations increased because the intracellular nickel increased much more than phyto-
chelatins. There was a slight increase in phytochelatin at the highest concentration, but
not enough to complex the measured nickel quotas (ratio well below the 2:1 line).
The kinetics of phytochelatin production by T. weissflogii, in response to cadmium
additions were also investigated in short term incubation experiments. Upon exposure to
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Figure 3. Intracellular nickel, zinc, and cadmium concentrations in T. weissflogii (bot-
tom) and the ratio of the total y-glu-cys from phytochelatin (I y-glu-cys= 2x(n=2) +
3x(n=3) + 4x(n=4)) to these metal quotas (mole mole 'l ) at the various metal concen-
trations (top).
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cadmium (added as an EDTA complex to achieve a pCd =10), we observed immediate
phytochelatin production -within one hour the intracellular values changed from 5 to 180
amole (n=2) cell 1 (Figure 4, a). After 5 hours, the cells had exceeded steady state concen-
trations (for pCd=10) of ~800 amol (n=2) cell-1 by about 25%. The n=3 oligomer also
increased immediately and overshot the steady state concentration. This result reflects the
rapid enzymatic production of phytochelatin from the large pool of glutathione in the cells
(measured to be approximately 1.5 fmole cell ' ) as has been demonstrated for higher
plants and yeast (Grill et al., 1987; Robinson et al., 1988).
We also investigated the disappearance of phytochelatin upon resuspending the
cells in medium containing no added cadmium (and 100M EDTA). Phytochelatin per
cell decreased rapidly; values changed from -700 amol (n=2) cell-1 to half that in three
hours (Figure 4, b). After 20 hours, concentrations had reached steady state concentra-
tions for cell cultured in medium containing no added cadmium. The insert in Figure Sb
plots the decrease in particulate phytochelatin per liter to demonstrate that the decrease in
cellular phytochelatin concentration was not simply the result of dilution caused by cell
division. These results imply either enzymatic degradation or export of the phytochelatin
from the cell, or some combination of both. This phenomenon is being investigated fur-
ther by following simultaneously the intracellular concentration of cadmium and phytoch-
elatin.
Discussion
Cadmium is the most effective inducer of phytochelatin production in the marine
diatom T. weissflogii in the range of trace metal concentrations that are likely to be impor-
tant in natural seawater. Other metals, particularly copper, lead, and mercury, induce
small amounts of phytochelatin within the range of concentrations examined, whereas
some metals, such as zinc, cobalt, and silver, have no effect at all. Limited testing of other
metals besides cadmium on phytochelatin induction in T. maculata and E. huxleyii, sup-
ports the finding that cadmium is the most important inducer of phytochelatins. Elevated
intracellular metal concentrations of nickel and zinc in T. weissflogii do not significantly
increase the phytochelatin pool, even when nickel concentrations begin to affect growth.
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Figure 4. Time evolution of phytochelatin concentrations upon changing cadmium
exposure. Open circles represent the n=2 oligomer and open triangles n=3. A. Phyto-
chelatin production in T. weissflogii after addition of cadmium (pCd=10). B. Decrease
in phytochelatin concentrations upon resuspension of cells (cultured at pCd=10) in
Aquil medium containing no added cadmium (100.M EDTA). Insert in B. shows the
decrease in total particulate phytochelatin per liter as a function of time.
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The rapid accumulation of phytochelatin in T. weissflogii upon exposure to cadmium is
consistent with the enzymatic synthesis found in higher plants. We also observed a rapid
decrease in phytochelatin concentration when cadmium exposure is alleviated, suggesting
that the intracellular phytochelatin pool is tightly controlled.
Other studies of phytochelatin production in phytoplankton have been generally
limited to induction by cadmium, with the exception of two studies. Gekeler et al (1988)
reported stimulation of phytochelatin production in two chlorophytes by a handful of other
metals (Pb, Zn, Ag, Cu, and Hg). In another study Howe and Merchant (1992) examined
the response of Chlamydomonas reinhardtii to additions of micromolar concentrations of
Cd, Hg and Ag, and as in our study, found that phytochelatin was induced to the greatest
extent by cadmium, even at these extremely high concentrations.
A comparison of the total inorganic concentrations of metals that induced phytoch-
elatin at the various pMe's in laboratory experiments to those typical of marine environ-
ments (Table 5) supports the notion that, in the field, cadmium should be the most
important inducer of phytochelatins with copper possibly becoming important in some sit-
uations. Lead begins to induce phytochelatin at pPb=10 (Pb'= 23 nM), but total concen-
trations of lead in the field rarely reach 5 nM, and are typically an order of magnitude
lower. Zinc, nickel, cobalt and may exceed the concentrations tested here, but the lack of
significant phytochelatin induction at pMe= 9 compared to that of cadmium, as well as the
strong organic complexation of these metals in natural seawater (Bruland, 1989; Nimmo
et al., 1989; Zhang et al., 1990) will limit the ability of these metals to induce phytochela-
tins in the environment. Typical silver and mercury concentrations never reach the highest
concentrations tested in this report (Flegal and Saiudo-Wilhelmy, 1993; Mason et al.,
1993). Total concentrations of cadmium in polluted coastal waters may sometimes be as
high as 5 nM. In the absence of organic complexation, this inorganic cadmium concentra-
tion would correspond roughly to a pCd of 10. In many species, phytochelatin concentra-
tions are modulated by cadmium even down to pCd=12 (Cd'= 30 pM), typical of
concentrations that are measured in seawater. Total copper concentrations in the field can
exceed those tested in this study, and given the relatively large response of T. weissflogii
and E. huxleyii to short term exposure to copper, it is possible that copper may be impor-
tant in some field situations.
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Unlike what we observed in many species in response to cadmium, there appears
to be no stoichiometry between phytochelatin and other intracellular metal concentrations.
This may have to do with the ability of the particular metal to effectively activate the phy-
tochelatin synthase. In vitro, Grill et al (1989) observed that, at a given concentration,
cadmium most effectively activated the synthase, whereas Ag and Pb restored 58% and
43% of the activity respectively, and Zn and Hg less than 35%. At the same time, different
metals partition between the membrane and the soluble fraction of the cell in different pro-
portions. For example in Isocrysis galbana, Reinfelder et al (1994) reported that 80% of
the silver (AgT= 17 nM) is membrane bound (pelletted at 750 g for 5 min.), and that
depending on cell growth rate, membrane bound zinc can range from 11 to 61% of the
total. Thus the extent of activation of the phytochelatin synthase enzyme upon exposure
to a metal (and the resulting phytochelatin concentrations) will depend not only on the cel-
lular metal concentration but also on the nature of the particular metal and its partitioning
within the cell.
There is a slight increase in phytochelatin production with increasing copper, but
at the highest copper concentration production seems to level off. This may reflect an
inability to synthesize more or a decrease in cell size under copper stress, but it may also
be due to another detoxification or resistance mechanism being employed under steady
state at high copper concentrations. It has recently been discovered that some higher
plants also have a metallothionein-like gene (de Miranda et al., 1990; Evans et al., 1990).
de Miranda et al (1990) measured increased mRNA transcripts of the metallothionein-like
gene in the copper tolerant plant Mimulus guttalus exposed to copper. The short term
incubations of T. weissflogii with copper overshot the steady state concentration by almost
a factor of ten. This suggests that on the short term phytochelatin may be employed as a
detoxification mechanism for copper, but over time the mechanism may shift to a more
stable, gene regulated mechanism akin to metallothionein production.
The induction of high concentrations of phytochelatins by copper in E. huxleyii
may simply reflect the variability in response among various species exposed to different
metals. But this response may in fact be unique to this species which is uniquely able to
grow at high copper concentrations. Of all the prymnesiophytes, the strains of E. huxleyii
have been observed by Brand et al (1986) to be the most tolerant to copper and cadmium.
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While its growth is reduced at elevated copper, the organism is able to maintain this
decreased growth up to very high copper concentrations.
Our observation of rapid phytochelatin production upon exposure to cadmium is in
accord with previous studies (Grill et al., 1987; Robinson et al., 1988). The relatively
large intracellular pool of glutathione is converted rapidly into phytochelatin by an enzy-
matic pathway (Grill et al., 1989). Our observation of the rapid loss of phytochelatin from
the cell upon elimination of cadmium from the medium was less expected. The phytoch-
elatins are either rapidly degraded back into glutathione or amino acids or exported. We
can rule out the export of the cadmium-phytochelatin complex since accumulated cad-
mium has been shown to remain in the cells upon removal of metal exposure (Harrison
and Morel, 1983). Clearly the dynamics of cellular phytochelatin upon changes in envi-
ronmental conditions deserve further study. It appears that phytochelatins concentrations
may be carefully controlled by a balance of synthesis and elimination.
Overall it is clear that phytochelatins are important intracellular constituents which
are always present in all of the eucaryotic marine phytoplankton examined in the previous
chapter and the intracellular pool of these peptides is tightly controlled in response to inor-
ganic metal concentrations at levels that are relevant to marine ecosystems. Cadmium,
and to a lesser extent copper, appear to be the metals most likely to induce high phytochel-
atin concentrations in polluted waters. Thus measurements of phytochelatin in the field,
such as those reported in Chapters 2, 5 & 6, may reflect exposure to cadmium and copper.
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Chapter 5
Phytochelatins in Coastal Waters
To be published in collaboration with James Moffett.
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Abstract
Particulate phytochelatin is measurable in coastal water samples and varies over an
order of magnitude. Dimer concentrations (n=2) range from 0.5 - 17 gmol (g chl a)-l; the
lowest concentrations are below those measured in laboratory studies (Chapter 3) and the
highest concentrations are similar to those measured in laboratory cultures grown in the
synthetic seawater Aquil with picomolar free cadmium (10-12 M). A year long study of
phytochelatin concentrations from a transect of Boston Harbor out into Massachusetts Bay
finds that for the most part decreasing seaward concentrations are typical, except in
August when there was no trend and in October when concentrations were very low and
there was a subtle seaward increase. Plotting the data as a function of salinity reveals that
phytochelatin concentrations are not simply a function of freshwater trace metal inputs. A
comparison of phytochelatin concentrations and copper measurements from various har-
bors on Cape Cod and Providence Harbor is made to assess the role complexation of met-
als in natural waters may have on phytochelatin production. The results are in accord with
the laboratory result that phytochelatins are a function of the free metal rather than total
metal.
Introduction
The trace metal chemistry of coastal waters is not well understood. Total metal
concentrations are typically higher due to anthropogenic inputs and natural continental
run-off, but coastal waters are also rich in organic compounds that are capable of com-
plexing these metals. Thus the paradoxical result of higher total metal concentrations but
lower free, or available, metal concentrations is possible. It is in fact the high concentra-
tion of organic material which has prevented the direct application of electrochemical
techniques utilized in the open ocean to determine metal complexation in coastal waters.
In a unique study, Hering et al (1987) measured copper complexation at two sites
in the New York Bight; one site was at the N. Y. C. sewage sludge disposal sight and the
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other off Montauk Point, a relatively pristine site. After extensive analytical effort, they
calculated that the free cupric ion concentrations were roughly equal at the two sites. Both
techniques utilized in this study (bacterial bioassay and fixed-potential amperometry)
require substantial calibration and rely on many assumptions to obtain estimates of ambi-
ent free copper concentrations. The direct measurement of a biological indicator of trace
metal availability, such as phytochelatin, could greatly advance our understanding of trace
metal distribution and availability in coastal waters.
The objectives of this study were to determine if phytochelatin concentrations in
the field could be measured and to begin unraveling their relation to the complex trace
metal chemistry of natural seawater. Samples from several coastal environments were
measured- an extensive year long sampling of Boston Harbor and Massachusetts Bay
and a single sampling of several harbors on Cape Cod and in Providence in September of
1993. Three new transects are presented in addition to the transects presented in Chapter
2, and all of these measurements have also been replotted against salinity for further anal-
ysis. Measurements of phytochelatin concentrations in samples from Cape Cod and Prov-
idence Harbor are compared to electrochemical measurements of free and total copper
concentrations.
Materials and Methods
Boston Harbor - Massachusetts Bay samples were collected as described in Chap-
ter 2, details of the sampling dates, times and the respective tides are listed in Table 1 and
the station positions are listed in Table 2; not all the stations were sampled each cruise.
Chlorophyll a was measured on a Turner designs fluorometer after acetone extraction; the
fluorometer was calibrated spectrophotometrically with a vigorously growing phytoplank-
ton culture (Parsons et al., 1984). The range of chlorophyll concentrations measured for a
given transect are listed in Table 1. Phytochelatin measurements were made as described
in Chapter 3 and Appendix A. Temperature, salinity and nutrient measurements were
made by Battelle Ocean Sciences. All data is listed in Table 3.
Cape Cod and Providence Harbor samples were collected by J. Moffett during
September of 1993; sites are listed in Table 4. Water was collected at the various sites uti-
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lizing trace metal clean techniques, filtered later in the same day in the laboratory, and
samples for phytochelatin and chl a analysis were stored in liquid nitrogen until analyzed.
Copper measurements were made by J. Moffett using cathodic stripping voltametry.
Results
Phytochelatin measurements from transects on the first three sampling dates exhib-
ited a distinct decreasing seaward trend (Chapter 2). In August and October the data are
significantly different and in February of 1994 concentrations returned to the gradient
observed the previous February (Figure 1). As the flushing of Boston harbor is driven by
the tides (Signell and Butman, 1992), an evaluation of the sampling episodes with regard
to the tidal cycle is necessary. Stations were sampled roughly from east to west, but were
not always sampled in the same order.
For the February, April, and June transects sampling began near low tide (Table 1),
and the ship was generally headed out into an on-shore tidal flow. The phytochelatin mea-
surements display a clear decreasing trend from the harbor seaward as discussed in Chap-
ter2.
In August sampling began -1.5 hours after the high tide, and there is no systematic
trend in the phytochelatin data. This could be due to the fact that the first samples are
taken shortly after hide tide when, presumably, the harbor is fairly well mixed; subsequent
samples were taken as the tide was heading out and the last few as it returned after low
tide. The samples were collected at very different times during the tidal cycle as com-
pared to the other sampling dates. The chlorophyll a concentrations were particularly
variable on this sampling date ranging from 0.5 to 14 Rg 1-1.
October phytochelatin concentrations, on the other hand, shown in detail with the
n=3 & 4 chain lengths included in Figure 2, display an interesting gradient from the coast
seaward different from the previously observed trend. The concentrations start low at the
pier, increase slightly near the outfall at Deer Island, decrease for roughly 25 kilometers,
and then the two farthest data points suggest an increase out into Massachusetts Bay. The
peak at or near Deer Island is seen in many of the transects, including perhaps the August
transect. Again, samples were taken during a different part of the tidal cycle; sampling
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Figure 1. Phytochelatin concentrations (n=2) plotted as a function of distance from
harbor. Particulate phytochelatin concentrations are reported in units of tmol
(g chl a)-l; samples were collected on the dates listed in Table 1. Data points are the
average of duplicate samples; error bars represent the two points averaged, and where
not shown the error bar is within the symbol. See Figure 1, Chapter 2 for the actual
location of stations. Points at zero are samples which were below detection, the open
circle indicates a sample (the duplicate of which was below detection) in which a low
phytochelatin measurement was divided by a very low chlorophyll a value.
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began shortly before high tide and continued through the ebb flow.
In February 1994, the decreasing seaward trend of phytochelatin concentrations is
again apparent. Sampling began three hours after low tide, more like the first three sam-
pling dates.
Plots of phytochelatin against surface salinity reveal that phytochelatin concentra-
tions are not simply a function of trace metals associated with fresh water inputs (Figure
3). In February, 1993, the salinity increases as a function of distance from the harbor, thus
plotting the phytochelatin concentrations of a function of either parameter results in a sim-
ilar profile. The surface salinity in June, August and October is constant from one station
to the next, thus plots of phytochelatin vs. salinity are simply clumps of data at one salin-
ity. Some variability returns to the salinity profile again in February of 1994, but there is
no obvious relationship between phytochelatin concentrations and salinity.
The samples collected from various harbors on Cape Cod and from Providence
Harbor in September 1993, contained phytochelatin concentrations ranging from 2.2 to
115 gmol n=2 (g chl a)-1 (Table 4). Except for the high measurement in Eel Pond, the
range is very similar to the range of concentrations measured in the typical harbor
transects. The concentration in Eel Pond-115 pmol n=2 (g chl a)-1 -exceeded all previ-
ous concentrations measured in natural samples, but is still well within concentrations
measured in laboratory cultures. It is likely that this concentration of phytochelatin is con-
suming a significant fraction of the phytoplankton population's intracellular glutathione
(glutathione= ~600 gmol (g chl a)-1 in T. weissflogii), which may be a useful way to
access the physiological implications of phytochelatin measurements.
Total phytochelatin (reported as I (y-glu-cys) = 2(n=2) + 3(n=3)) is plotted in Fig-
ure 4 against both total copper and free copper. Total copper concentrations are all
roughly the same, but free copper concentrations vary three orders of magnitude. While
there is no relationship between phytochelatin concentrations and total copper, phytochel-
atin concentrations are related to free copper concentrations (Figure 4). Although there
are only a few data points, the relationship appears to be much like that observed in the
laboratory study-above free copper concentrations of ~pCu= 11, phytochelatin concen-
trations begin to increase.
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Figure 3. Phytochelatin concentrations (n=2) plotted as a function of salinity. The
same data as in Figure 1 (except for the pier samples, data point at distance= 0), replot-
ted as a function of surface salinity in units of psu. Salinity was measured by Battelle
Ocean Sciences at -2 m with a standard CTD mounted on a rosette; data supplied by
the MWRA.
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Discussion
Phytochelatin concentrations are roughly 2- 20 pmol (g chl a)-1 , both in the Boston
Harbor/ Massachusetts Bay area and in several harbors on Cape Cod which range from
heavily utilized marinas to fairly pristine bays. In the Boston Harbor/ Mass Bay transects,
phytochelatin concentrations are not simply a function of trace metal inputs via freshwater
sources, but appear to have distinct spatial relationships depending on the mixing regime
due to tides or perhaps some biological factors. A preliminary study comparing copper
concentrations to phytochelatin measurements confirms that, as found in the laboratory,
phytochelatin production in the field depends on the free metal concentration rather than
on the total metal.
Concentrations measured each sampling date were overall very similar to each
other, ranging from 2-20 pmol (g chl a)-1, except in October when n=2 concentrations
ranged from 0.5 - 3 gmol (g chl a)-1 . These particular samples were taken during an
intense fall bloom when concentrations of chl a were 8 - 24 gg 1-1. The large amount of
biomass associated with this bloom may have diluted the exposure of individual cells to
available metal concentrations thus resulting in lower phytochelatin concentrations. The
phytochelatin concentrations in October when calculated per liter are actually slightly
higher than other sampling dates (5-35 gM n=2 as compared to 0.6- 14 gM n=2 in Febru-
ary 1994).
The pattern of elevated phytochelatin concentrations near the inner harbor decreas-
ing as one gets farther out into the bay supports the notion that these measurements reflect
elevated metal concentrations due to coastal freshwater sources which are diluted out into
the bay. However, a strict correlation with salinity is only observed in the February 1993
surface salinity-phytochelatin plot. The salinity remains variable for the April transect,
and the profile observed is similar to that as plotted with distance, although the absence of
a pier sample (distance=0) in the salinity profile diminishes the decreasing seaward trend.
The constant surface salinities seen in the next three plots-June, August, and October-
are likely due to a lens of low salinity water on the surface as a result of increased fresh-
water runoff during the summer months.
Boston Harbor receives trace metal inputs from a number of anthropogenic
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sources including industrial and domestic sewage wastes. Together the sewage treatment
plants at Nut and Deer Islands contribute up to 50% of the total fresh water input into Bos-
ton Harbor (Wallace et al., 1988). Three rivers make up the rest of the fresh water input-
the Charles, the Mystic and the Neponset-the Mystic River contributing significantly to
trace metal concentrations in the harbor (Wallace et al., 1988). There is also a contribution
by the southern coastal current which brings fresh water and trace metals into Massachu-
setts Bay from rivers north, such as the Merrimac River. Each freshwater source varies
considerably with respect to trace metal concentration and organic content. Thus it is
somewhat expected that phytochelatin concentrations would not simply be a function of
salinity, but that there would be a complex relationship between the different sources of
metals and the resulting phytochelatin concentrations. Other constituents, such as nutrient
concentrations, may potentially help to distinguish the different fresh water sources of
trace metals. An examination of the nutrient data reveals that some of the higher phytoch-
elatin concentrations do correspond to high ammonium concentrations which would be
indicative of the sewage plume near Deer Island.
Seasonal differences between phytochelatin concentration profiles with respect to
distance from the inner harbor have several possible explanations. The noisiness of the
August sample transect may be due to tidal effects, or could be due to the species compo-
sition of the phytoplankton population at this time of year. According to a workshop
report released by MWRA, in August 1993 at least 40% of the total number of phy-
toplankton cells were microflagellates and at some stations the population was dominated
by this group (Hunt and Steinhauer, 1994). This is in contrast to the other sampling dates
for which phytoplankton species data are available (February, April, June and October of
1993) where the phytoplankton assemblage is typically dominated by diatoms. Included
in microflagellates are primarily unidentifiable small eucaryotic cells. This population
probably contains a much more diverse collection of phytoplankton species than those
samples dominated by diatoms. The production of phytochelatin may be more variable
because of this more heterogeneous population.
Some contribution to total chl a in coastal waters is made by cyanobacteria- par-
ticularly Synechococcus sp. The relative abundance of these organisms might contribute
to seasonal variations in phytochelatin measurements because their numbers fluctuate sea-
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sonally. If there is significant contribution to the total chl a by cyanobacteria, then phyto-
chelatin measurements are artificially lowered by the normalization to total chl a, since
prokaryotic organisms have not been found to make phytochelatins (Olafson et al., 1979).
Waterbury et al (1986) examined seasonal variation of Synechococcus numbers in Woods
Hole Harbor and found that they typically bloom in the early spring as temperatures rise,
peak through April and May, remain fairly constant through the summer, and then as the
temperatures drop in early winter, abundance drops off rapidly. This may explain the
slightly lower concentrations of phytochelatin (per g chl a) in April, but probably does not
explain any of the variability observed in August.
The October transect is distinct in two ways: the relatively low phytochelatin con-
centrations and the modified seaward trend. The very low phytochelatin concentrations
are probably due to the extremely high biomass present in these samples. The metals are
diluted by the high biomass associated with the bloom. The modified seaward trend may
be a result of sampling at different times with respect to the tidal cycle. In addition, the
resulting profile suggests that the interaction between trace metals and organic material is
an important factor controlling phytochelatin production. The phytochelatin concentra-
tion at the pier, the only station within Boston Inner Harbor where metal concentration are
quite high (Wallace et al., 1988), is presumably lowest because of the high concentrations
of organic material complexing the metals. The peak observed at ~12 km is likely due to
trace metal inputs from the sewage outfall on Deer Island which gradually decreases as its
influence is diluted by the ebb tide. At -30 km concentrations begin increasing again per-
haps as the organic material is diluted and /or degraded releasing complexed trace metals.
It is clear that phytochelatin measurements need to be compared to measurements
of available metal concentrations. It is however extremely difficult to measure speciation
and collection of trace metal clean samples on a ship requires a great deal of expertise and
equipment. In collaboration with J. Moffett, this is possible for the first time. Though this
correlation is limited by the number of samples, the response with respect to copper is
very similar to what is observed in the laboratory with cultures of Thalassiosira weiss-
flogii in response to copper additions. There is no effect on phytochelatin concentrations
until a threshold of about pCu=l 1, when these concentrations increase.
Sampling locations represent diverse coastal environments. All of the Cape Cod
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sites are fairly saline environments with little freshwater input, >30 %o/, whereas the
salinity at both Providence Harbor sites was roughly 22 %o (J. Moffett per. comm.). The
different sites on the Cape vary in size and flushing rates. Boating activity also varies
from site to site. Despite these differences, total copper concentrations are roughly the
same at all sampling locations, but free copper varies by three orders of magnitude.
It is however not likely that copper is the only factor controlling phytochelatin
concentrations in these waters. Organic complexation is the parameter that varies from
site to site, consequently other metals, particularly cadmium, will likely be complexed in a
similar manner. Thus the correlation observed between phytochelatin and free copper
concentrations cannot be interpreted as a causal relationship.
The results of these studies are quite encouraging; phytochelatin measurements are
variable in coastal systems and some sense can be made of the various profiles encoun-
tered. Measurements do not simply reflect freshwater sources of trace metals in Boston
Harbor, but probably reflect the complicated interaction of organic material and trace met-
als from various sources, as well as the tidal flushing of the harbor and bay. As techniques
for measuring metal speciation are applied more and more to coastal environments more
information will be available to establish the cause and effect relationship which is
undoubtedly at work.
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Chapter 6
Phytochelatins in the Equatorial Pacific
To be published in collaboration with Neil M. Price and possibly Kenneth Bruland.
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Abstract
Particulate phytochelatin concentrations in the Equatorial Pacific, normalized to
total chlorophyll a, are similar to those measured in coastal areas, but are significantly
higher when corrections are made for percentages due to prokaryotic chl a. This is likely
the result of low metal chelation and/or metal limitation and resulting higher uptake rates
of available metals. Surface phytochelatin concentrations are roughly the same at stations
across the Equatorial upwelling from 20° S to 10° N, and most of the depth profiles have a
distinct subsurface maxima. Profiles taken at the equator and 2 S had less structure than
those north or south of these stations which may be due to more mixing in the water col-
umn within the upwelling. Incubations performed on water sampled at four separate sta-
tions induced fairly constant concentrations of phytochelatins, although differences
between metal additions and controls were greater within the upwelling zone where water
presumably has less time to accumulate biogenically derived complexing agents.
Introduction
In recent years considerable interest, among trace metal chemists and biologists
alike, has arisen regarding the Equatorial Pacific upwelling region. It is included in a
group of several areas regarded as "high nutrient low chlorophyll" or "HNLC" areas.
Martin et al (1989; 1990; 1991) demonstrated that, by adding iron to water samples col-
lected in these areas, biomass increased and the nutrients were drawn down. Many ships
have thus made the pilgrimage to one of the most pleasant of these "HNLC" areas, namely
the Equatorial Pacific, to test out the many forms of the "Iron Hypotheses" and the counter
hypotheses. During August of 1991, aboard the R/V Moana Wave, I sampled depth pro-
files from several stations across the Equator and performed several incubation experi-
ments, not to test the Iron Hypothesis, but to look into another hypothesis regarding areas
of newly upwelled water.
In the late 1960's Barber and others performed many experiments with newly
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upwelled water from the Cromwell current upwelling (Barber and Ryther, 1969) and off
the coast of Peru (Barber et al., 1971). They found that newly upwelled water supported
less biomass than expected given the high concentrations of the major nutrients. Addition
of organic chelators to the water increased the biomass significantly in bottle incubations.
They hypothesized that the chelators either reduced availability of toxic metals (copper
and cadmium) or enhanced the availabilty of nutrient metals such as iron and manganese
(Barber and Ryther, 1969). As these studies were done well before the advent of the "Ultr-
aclean" sampling techniques, in hindsight there are many contamination scenarios that
could explain some of these results.
Nonetheless, it is certainly true that the deeper water below the photic zone con-
tains higher concentrations of trace metals (Bruland and Franks, 1983) and these metals
are less complexed by organic ligands (Coale and Bruland, 1988; Bruland, 1989; Bruland,
1992), thus the inorganic metal concentrations are orders of magnitude higher in water
below the photic zone. Organisms seeding newly upwelled water experience higher free
metal concentrations than those typical of euphotic surface water. Given that phytochela-
tin concentrations are dependent on free metal ion concentrations (Chapter 3), particularly
cadmium and copper, phytochelatin measurements could indicate the inorganic metal con-
centration or the degree of metal complexation in surface waters. The equatorial
upwelling is a shallow upwelling; water is estimated to derive from a depth of less than
225 meters (Quay et al., 1983), thus this water will not be entirely characteristic of deep
sea water, but it is enriched with many nutrients relative to average surface seawater.
Depth profiles of phytochelatin concentrations were measured from 20° S to 100 N
to determine if phytoplankton exposure to trace metals, particularly cadmium and copper,
within the upwelling region was significantly different from phytoplankton exposure to
trace metals outside of this region. Incubations of water collected using trace metal clean
techniques were performed with various additions of cadmium and copper to determine if
phytochelatin production could be stimulated and to again determine whether there was
any difference between additions made to newly upwelled water and to water which has
had time to accumulate biogenically derived complexing agent.
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Materials and Methods
Particulate samples were collected during from August 5 - 29, 1991 aboard the R/
V Moana Wave from 20° S to 10° N between 135° and 1520 W (Figure 1). Depth profiles
were sampled with 10 liter Go-fio bottles (not trace metal clean), and samples (-4 liters)
were filtered with gentle vacuum pressure (< 5 psi) immediately onto Whatman 25mm
GF/F glass fiber filters; smaller aliquots from the same bottles were filtered similarly for
chlorophyll a analysis (Parsons et al., 1984). Samples were stored in liquid nitrogen dew-
ars until analyzed for either phytochelatin or chl a. Sampling times are as noted in Figure
2.
Seawater for on board incubations was obtained using trace metal clean techniques
(Bruland et al., 1979); acid-cleaned 1 liter polycarbonate bottles were filled with seawater
from morning casts taken with thirty-liter Teflon-coated Go-flo bottles suspended on Kev-
lar line at a depth of roughly 50% Io (-15 mn). Additions of either cadmium or copper were
made in a laminar flow hood and then the bottles were tripled bagged and left in an on-
deck plexiglass incubator cooled by with surface seawater and covered with neutral den-
sity screening to achieve -50% Io . After two days, two one-liter duplicate bottles were
pooled for each treatment and were filtered onto to 25 mm filters; a small subsample (-200
mls) of each treatment was filtered for chl a analysis. Samples were stored in liquid nitro-
gen until analyzed.
Sample treatment and analytical method for measuring phytochelatin is detailed in
Chapter 3 and Appendix A. Improvements in analytical sensitivity were made part way
through analyzing these samples, thus some stations have more data points at depth than
others.
Results
The first measurements of particulate phytochelatin from open ocean blue-water
samples are shown in Figure 2. The chlorophyll concentrations used to normalize phyto-
chelatin concentrations are plotted against depth to the right of each phytochelatin depth
profile. The phytochelatin concentrations measured ranged from -2- 50 gmol n=2
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Figure 1. Location of stations occupied during the August 1991 cruise aboard the R/V
Moana Wave.
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Figure 2. Depth profiles of phytochelatin concentrations (umol (g chl a)-1 ) at Stations
1, 4, 5, 6, 7, 8 and 10. Latitude of each station is noted on the individual graph, as well
as the time that the samples were collected. Open circles represent samples which
were below detection limits. Symbols represent the average of two measurements
made upon the same sample, the ends of the error bar being the two measurements
(roughly the analytical error). I was not able to run replicates from the samples at Sta-
tion 6. Chlorophyll a measurements from the same cast are plotted to the right of each
phytochelatin profile.
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(g chl a)-1 . Surface concentrations are remarkably constant at 12-18 gmol n=2 (g chl a)'1 ,
except for the surface sample at Station 7 which contained ~30 pmol (g chl a)' l . Five of
the seven depth profiles exhibit distinct subsurface maxima somewhere between 60 and
100 m (concentrations roughly two times higher than surface concentrations). These sub-
surface maxima are most pronounced at stations just to the north (Stations 1&4) and south
(Stations 7&8) of the upwelling zone, but there is a slight hint of a phytochelatin concen-
tration maximum at 100 meters in the Station 5 profile in the midst of the upwelling. For
the most part, nondetectable data points are due to the low concentrations of phytoplank-
ton at depth. The upwelling zone is delimited roughly by high surface nitrate concentra-
tions as plotted in Figure 3. Depth profiles of nitrate (Figure 4) at each station reveal the
absence of a nutricline at the equator (Station 6) demonstrating that upwelling is most
intense at the equator.
The single point maximum at 60 m in Station 7 is not simply an analytical anomaly
since both of the other oligomers (n= 3 and n=--4) also increase significantly at this depth
(Figure 5). The sample may have been contaminated with metals during sampling or fil-
tering, but given the relatively short time between sampling and freezing the filter (2
hours), a fairly significant metal addition would have to had occurred (1 nM Cd by com-
parison to incubation experiments). The longer chain peptides (n=3 and n=4) were mea-
sured at some of the other stations as well, and for the most part concentrations were
significantly lower than the n=2 concentrations.
These maxima are not artifacts due to the normalization to total chlorophyll a. At
the surface chlorophyll a to biomass ratios are less and gradually increase with depth, thus
the normalization would artificially enhance a surface maximum not the reverse.
Incubation experiments demonstrate that the algal population is able to synthesize
more phytochelatin in response to cadmium and copper additions (Figure 6). In each
experiment the addition of 1 nM cadmium stimulates phytochelatin production over that
of the control, and the addition of more cadmium (5 nM or 10 nM) stimulates still greater
concentrations. The addition of lnM Cu induces a small amount of phytochelatin in incu-
bations at Stations 4 and 6, but at Station 9 no effect is seen for either addition of 1 or 5
nM. A large increase is observed for the 5 nM copper addition at Station 4 and 6.
Control bottles, for the most part, contained roughly the same concentrations as
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104
10
8
Q)
,iI
ci0)
uz
*0f
.ta:Vd
&I
I I I I I I I I
Station number
5 6
I I I I I I I I
6
4
2
0
mv
C2
I I I - -
4
-4;
M
.4:
0 0 0 0 0 0
- 0 Cm0 C)
' -N N
0
F)
CN
CD4
CD5
Dnr)0F)
NCMco
GO
-
CD
0
co
K)0fe)
CN
co
CN
CD
CD
0
K)
(N
CN
CD
0
to
F)
C)
CD4
CD4
0D
0 0 0 0 0 00 LO LI 0(LF) F) 
(ui) qldoa
Figure 4. Depth profiles of nitrate concentrations (IM) at Stations 1-10,
of L. Miller and K. Bruland.
data courtesy
105
0
4
CD
. I I . .~~~~~~~
CD
(0
0n
K,,M I~~~~
CO
rn0
F)n
CD
N
CD
0
(D
F)
0
to)
N
CD4
CD
0
i
V
.-
z
- I
CD
0
CN
CD
CN
co
0
CD
0
K)
N
CD4
0
CD
-I.
m
00000 0 0N N F) n
I ! J ! J J 
IM
chl a Ag / 1
0.0 0.2 0.4
I I
Station 7
chl a
7
v
-0 0
0 10 20 30 40 50
Phytochelatin ,umol / g chl a
Figure 5. The depth profile of phytochelatin concentrations at Station 7 from Figure 2,
including all three chain lengths. Axes are as labelled in Figure 2.
106
0
50
100
1-11,5
At
CUP
150
200
.
X s
_
_
100
80
60
40
20
a5 0i
a9
,I.
.e 100
80
60
40
20
50
6 u Cu
St. 4 5°S 8/14/91
_
5 n Cd
1 nM Cd
ControlA [1
Control
U
i
Incubation Condition
Figure 6. Phytochelatin measurements(umol (g chl a)-1 ) after 48 hour incubations with
the various metal additions. Incubations were performed at Stations 1, 4, 6, and 9.
There was only one sample per treatment and the average analytical error for these
samples was 10%.
*The chlorophyll sample for the control for Station 6 was lost, so an average of the
final chl a concentrations of the four other incubation bottles was used to normalize
the phytochelatin measurement, adding additional error of ±50%.
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measured in the surface samples from the depth profiles, confirming that our sampling and
incubation procedures were trace metal clean. The control concentration for Station 1,
however, was over three times that measured in the surface water at that same station.
This bottle was possibly contaminated or the water collected for the incubation was quite
different from that sampled for the depth profile.
Discussion
Phytochelatin values in the Equatorial Pacific are remarkably similar to concentra-
tions measured in coastal waters. Along the transect from 20° S to 10° N, no real differ-
ence in surface concentration is observed, and most profiles exhibit a subsurface
maximum, although this structure appears to be less pronounced at the stations within the
upwelling. Addition of cadmium to incubation bottles of surface seawater from various
stations stimulated phytochelatin production above ambient levels, and the ability of cop-
per to stimulate production above concentrations in controls was limited to stations within
the upwelling zone.
The range of phytochelatin concentrations measured on this cruise are remarkably
(and unexpectedly) similar to those measured in the Boston Harbor - Massachusetts Bay
transects where concentrations range from 2- 20 mol (g chl a)-1 (Chapter 2 and Chapter
5). Phytochelatin concentrations are on average higher in the Equatorial Pacific than in
Boston Harbor. This difference is even more pronounced when corrections are made for
the fraction of the total chlorophyll due to prokaryotic vs. eucaryotic organism. In Boston
Harbor, diatoms dominate the flora throughout the year, as discussed in Chapter 5. In
these open ocean samples up to 46% of the total chlorophyll a is due to divinyl chl a from
prochlorophytes (DiTullio, per comm). Prokaryotic organisms synthesize metallothion-
ein-like metal-binding proteins (Olafson et al., 1979), and have not been reported to make
phytochelatin, thus the normalization to total chl a underestimates the amount of phytoch-
elatin produced by the eucaryotic population. A rough doubling of these phytochelatin
concentrations (yielding concentrations -4- 100 pmol (g chl a) ' is consequently better for
comparison to other field measurements and laboratory studies with pure cultures.
Prominent features of this data set include the higher than expected phytochelatin
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concentrations and the recurring subsurface maxima at most stations. As in any field study
there is always a chance that differences are due to variable species composition, and one
cannot rule this out. Another plausible explanation is that free metal concentrations are
higher here than in coastal waters, and that these concentrations are varying over depth. In
addition the extremely low concentrations of some essential metals, such as iron and zinc,
may enhance the effects of the other phytochelatin inducing metals such as cadmium and
copper.
The high phytochelatin concentrations could simply reflect the species composi-
tion present in these samples. The two oceanic isolates examined for phytochelatin pro-
duction in Chapter 3 were Thalassiosira oceanica (13-I) and Emiliana huxleyii (BT6). At
the lowest free cadmium concentrations (pCd=13 and 12), phytochelatin concentrations in
both organisms are very similar to the neritic species, but at pCd=1l1 T. oceanica contains
much lower concentrations whereas E. huxleyii produces a large amounts of phytochelatin
(Chapter 3, Table 2). Thus the variability in species composition might well contribute to
overall concentration differences, as well as to changes in concentration over depth.
The subsurface maximum observed in the depth profiles is not directly correlated
with total or free metal concentrations in the euphotic zone. Measurements of cadmium in
the central north Pacific (both total and calculated available inorganic concentrations) do
not have much structure within the photic zone (Bruland, 1992). Likewise, total and free
ion concentrations of copper have no particular subsurface maxima (Coale and Bruland,
1988; Moffett et al., 1990). Moffett et al (1990) actually reports a surface maxima of free
copper in the Sargasso Sea, putatively due to photolysis of organic chelators.
Another explanation for the relatively high phytochelatin concentrations in the
Equatorial Pacific is that the extremely low concentrations of essential metals stimulates
the uptake of all available metals. Low iron concentrations result in enhanced maximum
iron uptake rates due to increased numbers of transport ligands on the cell surface (Hud-
son and Morel, 1990). Harrison and Morel (1983) established the competitive relationship
between iron and cadmium: cadmium toxicity could be reversed by addition of iron and
lowering cadmium concentrations enabled cells to increase intracellular iron. Enhanced
transport of iron may result in enhanced transport of cadmium if these metals are in some
way competing for the same transport ligand. Likewise zinc limitation enhances cadmium
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uptake rates in Thalassiosira weissflogii (Lee et al., submitted). Phytochelatin concentra-
tions in this species are higher at the same cadmium concentrations under conditions of
low zinc (data not shown). It is thus conceivable that under conditions of metal limitation,
the uptake of all metals is enhanced and thus the same or lower concentrations of cad-
mium or copper may be accompanied by higher phytochelatin concentrations.
Incubation experiments involving the addition of cadmium and copper to on-deck
incubation bottles, though limited, do suggest some conditioning of the seawater by the
phytoplankton over time. The upwelling at the equator is wind driven Eckman transport
(Gargett, 1991).The shallow upwelling at the equator is accompanied by divergence of
water masses north and south and with downwelling at roughly 10° of latitude. Meridi-
onal or poleward advection is very slow, thus water outside of the upwelling is predomi-
nantly old surface water.
The greatest difference between the phytochelatin concentrations measured in the
control and in the metal addition bottles is seen at the two stations within the upwelling.
The addition of 1 nM copper stimulates significant phytochelatin production at these sta-
tions, whereas at 8° N, Station 9, addition of 5 nM copper does not stimulate any phytoch-
elatin production above the control. Again this may be due to differences in the
phytoplankton populations (some species seem to produce more phytochelatin in response
to copper than others (Chapter 4)), but it could also be due to the presence of organic che-
lators (or lack there of) which would make the added metals less available to the phy-
toplankton. Likewise in Boston Harbor additions of 5nM cadmium had no effect of
phytochelatin concentrations (Chapter 2), thus demonstrating that excess chelators are
available to complex the added metal in this coastal system.
Strong copper chelators have been measured in oligotrophic waters (Coale and
Bruland, 1988; Moffett et al., 1990). A strong ligand, roughly 2 nM, and a weaker ligand,
estimated to be about 80 nM in surface waters, are measured in surface water (Moffett et
al., 1990). The concentration of these chelators decreases below the chlorophyll maxi-
mum, and it is assumed that they are biogenically derived. Moffett et al (1990) also mea-
sured a similar chelator in cultures of Synechococcus sp. Stations within the upwelling
have higher concentrations of chlorophyll (initial chl a concentrations for incubations at
Stns. 4 & 6 were 0.19 and 0.60 gg chl a 1-1, whereas initial chl a at Stns. 1 &9 were 0.09
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and 0.10 g chl a 1-1), it is possible that the newly upwelled water has lower concentra-
tions of these chelators. However, the first measurements of copper chelators at the Equa-
tor made by Miller and Bruland (1994) indicate that ligand concentrations are not
significantly different from those outside the upwelling.
These first open ocean particulate phytochelatin concentrations provide new
insights into the possible interactions of trace metals with the biota and the extent to which
metals are complexed in seawater. Phytochelatin concentrations are higher than might be
expected, higher in fact than initial measurements in a fairly polluted coastal area. This
may be due to the competitive nature of essential and toxic metals in an area which
receives very limited eolian input of all trace elements. Most of the phytochelatin profiles
have some structure (a subsurface maximum) which suggests some variation in metal
availability with depth. One possible interpretation of the few incubation experiments is a
chemical "conditioning" of seawater by release of metal chelators from the plankton com-
munity.
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Chapter 7
Future Work
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The phytochelatin measurements reported in this thesis suggest environmental
applications and generate new hypotheses that could be tested in further laboratory and
field experiments. Using measurements of phytochelatin to assess metal availability or
toxicity in natural waters is an obvious and worthwhile pursuit. Study of other factors
influencing phytochelatin concentrations such as the interaction of multiple metals and
further characterization of species variability should be pursued. Possible alternative
mechanisms of metal detoxification in particular algal species and their evolutionary
implications is worth examining. Many aspects of the physiology of phytochelatins
remain to be elucidated, such as their stability and location in the cell and the mechanisms
that control both the synthesis and elimination of phytochelatin.
Can we determine whether a certain concentration of phytochelatin represents a
deleterious amount of metal? If phytochelatin concentrations become a significant fraction
of the total -glu-cys in the cell, depleting the pool of glutathione needed to perform essen-
tial roles, then one could imagine that there would be some threshold beyond which one
could say that the health of the cell was compromised. Before this can be done, however,
much more information about glutathione concentrations in phytoplankton needs to be
collected and an evaluation of the extent to which cells can compensate for the loss of glu-
tathione which has been incorporated into phytochelatin needs to be addressed.
Phytochelatin measurements are a long way from providing quantitative estimates
of water quality, but a comparison of the field and laboratory measurements shows that the
concentrations are in the same range and provide the beginning of some sort of calibration
(Table 1). Many factors may control the magnitude of phytochelatin production in natural
communities of phytoplankton- the consortium of species in a given population, and less
obviously the concentrations of other metals interacting either synergistically or antago-
nistically. An obvious extension of this thesis is further testing of other phytoplankton
species under various trace metal conditions. Although little difference was observed
between coastal and oceanic species further testing would be instructive, particularly with
the simultaneous manipulation of various metals. Limitation of phytoplankton growth by
a particular metal induces a high maximum uptake rate for that particular metal and for
any other metal that may be transported by the same uptake ligands (Lee et al., submitted).
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Table 1. Phytochelatin measurements in marine waters
n=2 I -glu-cys
gmol (g chl a)1 Wmol (g chl a)-1
Open ocean
Equatorial Pacific 2 - 50 7- 150*
Coastal areas
Boston Harbor /Mass. Bay 0.5 - 20 1 - 60
Cape Cod/Prov. Har. 2 - 115 6 - 350
Laboratory cultures**
No added cadmium 3 - 40
pCd=12 (30 pM Cd') 43- 87
pCd=1 (300pM Cd') 59 - 890
*Calculated from Station 7 depth profile including all chain lengths
**The range of concentrations from the species which had a significant
phytochelatin response from Table 2, Chapter 3 (excluding P. lutheri and
H. pygmaea).
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Phytochelatin production may thus also be enhanced by metal limitation if another phyto-
chelatin inducing metal is also taken up. This has been observed in preliminary experi-
ments with zinc limited cultures of Thalassiosira weissflogii with added cadmium (data
not included). Our data in the Equatorial Pacific suggest that such a mechanism may be
important in nature and worth studying.
The dinoflagellate, Heterocapsa pygmaea, does not respond to high cadmium con-
centrations by synthesizing phytochelatins, yet cadmium is accumulated in the cell (Chap-
ter 3). Phytochelatin measurements ought to be made in other dinofiagellate species to see
if this result can be generalized. It is possible that dinoflagellates have an alternate detox-
ification mechanism.Perhaps they synthesize metallothioneins to chelate intracellular met-
als. One could possibly isolate this protein and then determine whether a bacterial
symbiont or the algae is responsible for its synthesis.
As we learn more about detoxification mechanisms in various species, we can
begin to hypothesize about evolutionary reasons for particular differences. It is believed
that procaryotic organisms dominated the early oceans when reduced conditions existed.
These organisms probably utilized a metallothionein-like protein for detoxification or
metal homeostasis, similar to that employed by the modem day cyanobacteria. As photo-
synthetic cells evolved and began oxygenating the air and sea, shifting the oceans to pre-
dominantly oxidized conditions, these organisms had to evolve mechanisms to maintain
reduced intracellular conditions. The mechanisms utilizing glutathione were presumably
put in placce to maintain reduced sulfhydryls in proteins and scavenge toxic peroxides, the
harmful byproducts of aerobic life, particularly in photosynthetic organisms. As various
symbiotic relationships evolved into what are now eucaryotic organisms those which were
photosynthetic probably needed more glutathione and perhaps extended the use of glu-
tathione to include metal detoxification by synthesizing phytochelatins. Non-photosyn-
thetic eucaryotes did not have the added pressure of internal oxygen evolution and
continued using a gene transcription product-metallothionein-to regulate and detoxify
intracellular metals. Examination of phytochelatin production (or lack thereof) by various
phytoplankton species with respect to their phylogeny may allow us to refine speculations
regarding the evolutionary origin of the different detoxifcation mechanisms.
Another logical extension of this work is to study the mechanisms of control and
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the dynamics of phytochelatin in the cell. Ratios of intracellular cadmium to phytochela-
tins do not always follow simple stoichiometric relationships and are sometimes highly
variable (Chapter 3). If phytochelatin production is not simply controlled by internal
metal concentrations, how is it regulated? The rapid adjustment of pools of phytochelatin
in T. weissflogii to reflect changes in the external medium (Chapter 4), particularly the loss
of phytochelatin upon alleviation of metal exposure, raises intriguing questions regarding
the fate the phytochelatin. Intracellular cadmium remains constant upon alleviation of
cadmium exposure (Harrison and Morel, 1983) but the phytochelatin pool is substantially
decreased. Upon resuspension of cells in medium containing more or the same amount of
cadmium, I observed considerable exchange of intracellular cadmium with external cad-
mium (data not included - rates of exchange measured to be -50% of the uptake rate). It
would be interesting to know if this is this accompanied by release of phytochelatins into
the medium.
Are phytochelatins actively excreted from some species of phytoplankton? A
mechanism for long term detoxification could be the excretion of metal binding ligands.
Moffett et al (1990) measured strong copper ligands in a culture of Synechococcus sp. and
McKnight and Morel (1979) measured weak copper binding ligands in cultures of many
freshwater eucaryotic algae. The interest in finding specific metal binding ligands
excreted by phytoplankton is high in view of the fact that a large percentage of many met-
als in surface waters are organically complexed. Calculations in Chapter 2 argue against
intracellular phytochelatin as a source of these ligands, and even if average open ocean
water column concentrations of phytochelatin are as high as 20 mol (g chl a)-1 as in the
Equatorial Pacific (instead of the 2 gmol (g chl a)-'1 used in the previous calculation), the
turnover time would still need to be upwards of -50 days to achieve ligand concentrations
of -100 pM as measured by Bruland (1992). If organisms were actively excreting these
ligands turnover times could be significantly decreased and the accumulation of these pep-
tides in the water column would be more likely.
A recent study has identified a vacuolar membrane transport protein which enables
the yeast Schizosaccharomyces pombe to accumulate sulfide containing phytochelatin-
metal complexes (Ortiz et al., 1992). The authors hypothesize that this transporter func-
tions analogously to the common glutathione-S-transferase export pumps which transport
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glutathione and various toxic agents in the liver. A similar pump has been identified in the
vacuolar membrane of plants (Martinoia et al., 1993). It is tempting to hypothesize that
such a pump exists in phytoplankton cells, enabling the organism to excrete unwanted
metal ions either to the vacuole or outside of the cell.
Finally, further measurements of phytochelatin in the field should be made and
compared to speciation measurements of various trace metals, particularly cadmium and
copper. Additional incubation type experiments should be performed in and out of
upwelling areas. In various bodies of water metal titration type experiments could be done
to determine concentrations of metal binding ligands similar to the bacterial bioassay of
Hering et al (1987). Alternatively incubations with the addition of synthetic chelators may
be instructive.
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Appendix A
Methodological Details of Phytochelatin Analysis
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The following outlines the exact recipe for preparation of algal phytochelatin samples for
HPLC. Details of HPLC method are outlined in Chapter 3.
Step 1. Place cells on filter into 2.5 mL 10 mM methanesulfonic acid (MSA) at 70° C in
Wheaton glass grinding tube. Maintain at 70° for 2 minutes with hot water bath on a hot
plate; transfer immediately to ice bath.
Step 2. Grind samples for 3 minutes with Wheaton telfon pestle and grinding tube, hold-
ing tube in an ice bath.
Step 3. Transfer into two 1.5 mL Eppendorf centrifuge tubes and centrifuge for 10 min-
utes.
Step 4. Transfer 0.8 mL of supernatent into another Eppendorf tube for reaction. Save
rest of supernatent for future analysis.
Step 5. Add 30 pL of 15mM dithiothreitol (DTT)1, 84 pL 100mM sodium borate
(pH=9) & 10 mM diethylenetriaminepentaacetic acid (DTPA). Shake and wait 10 minutes.
Step 6. Add 30 gL of 50 mM monobromobimane (mBrB) dissolved in acetonitrile.2
Shake and wait 10 minutes.
Step 7. Add 15 AL 60mM reduced cysteine. 1 Shake and wait 5 minutes.
Step 8. Add 60 AL 1M acetic acid. Final volume roughly 1 mL for autosampler on
HPLC.
1. Prepared fresh daily.
2. Prepared ahead, add 1.9 mL acetonitrile to anew 25 mg bottle of mBrB and stored in freezer.
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The chromatogram below provides further confinrmation that the peaks in the natu-
ral samples are indeed phytochelatin peaks. Amino acid analysis of peaks collected from
the cell extract have confirmed their identity. A cell extract is diltued and then added to a
natural sample. The natural sample peaks coelute with the Thalassiosira weissflogii phyto-
chelatin peaks.
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Figure 1. An example of a blank (top), field sample chromatogram (middle) and the same
field sample + 10 pL of a 100 times diluted high cadmiumT. weissflogii sample (bottom).
Each phytochelatin peak increases upon addition of the cell extract The n=2, n=3, & n=4
peak areas of cell extract added to the blank (not shown) are 2.8, 4.2, & 1.8 respectively.
The field sample peak areas are 2.2, 0.8, & 4.3 and the addition of cell extract to this field
sample resulted in peak areas of 4.6, 3.8, & 6.2, roughly the sum of the individual chro-
matograms for n=2 and n=4.
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Table 1. Amino acid analysis of peaks collected off HPLC from a run
injected with high cadmium T. weissflogii cell extract. Values are
normalized to glycine concentration. Subtraction of blanks (background
concentrations of amino acids in eluant) yields ratios Glu:Cys:Gly of
1.6:1.3:1.0, 3 1:2.6:1.0, and 4.4:4.0:1.0 for n=2, n=3 and n--4 respectively.
Analysis was performed by the MIT Biopolymers Laboratory.
n=2 n=3 n=4
Ala 0.13
Arg
Asp
Cysa
Glu
0.08
0.18
0.9b
1.1
1.0Gly
His
Leu
Lys
0.12
0.14
0.50
Ser 0.30
Thr 0.08
Tyr
Val
0.06
0.08
0.05
0.03
0.06
2.1
2.5
1.0
0.12
0.02
0.02
0.09
0.03
0.05
0.04
0.05
0.03
0.15
3.7
3.4
1.0
0.10
0.03
0.02
0.11
0.03
0.05
0.04
a Cys was measured as cysteic acid.
b Values shown in bold are the amino acids found in phytochelatins.
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